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Abstract

Hepatic encephalopathy is neurological complication frequently observed during
acute or chronic liver injury. Up to 60% of patients with cirrhosis develop symptoms of
hepatic encephalopathy. Hepatic encephalopathy is a clinical manifestation of a low-
grade cerebral edema associated with astrocyte swelling, oxidative/nitrosative stress
in brain tissue, alterations in gene expression, and signal transduction,
neurotransmission, impaired motor functions, and altered behavioral patterns.
Importantly, ammonia is known to be the main precipitating factor of hepatic

encephalopathy.

The main hepatic mechanism to detoxify ammonia is the urea cycle. Ammonia not
used by the urea cycle is taken up by periveneous hepatocytes and detoxified by
conjugation to glutamate, resulting in glutamine. This reaction is catalyzed by hepatic

glutamine synthetase.

In order to investigate role of hepatic glutamine synthetase in the pathogenesis of
hepatic encephalopathy, we created conditional knockout mice that lacked glutamine
synthetase only in the liver. We demonstrated that absence of hepatic glutamine
synthetase in the perivenous area of liver is sufficient to trigger systemic
hyperammonemia in vivo. Hyperammonemia in hepatic glutamine synthetase
deficient mice was associated with enhanced RNA oxidation in the brain, increased

locomotion, impaired memory of fear, and a slightly reduced lifespan.

Concentrations of tumor necrosis factor in patients’ blood correlate with the severity
of hepatic encephalopathy, however, the exact mechanism by which TNFa is
involved in the pathogenesis of hepatic encephalopathy remains unknown. We found

that ammonia metabolism is impaired in TNFa-deficient mice as well as in TNFR1 &

viii



TNFR2 double knockout mice. On the other side TNFa-deficient mice and TNFR1-
deficient mice were protected against acute ammonia intoxication. Protection of
TNFa-deficient mice against an NH,4" intoxication was associated with decreased
cerebral expression of the ammonia permeable Na* K*,2CI cotransporter. In addition,
pharmacological inhibition of the Na*,K*,2CI" cotransporter reduced duration of coma

during ammonia intoxication.

Taken together, the findings presented in this Ph.D. thesis decipher the role of
hepatic glutamine synthetase and TNFa in ammonia homeostasis and pathogenesis

of hepatic encephalopathy.



Zusammenfassung

Die hepatische Enzephalopathie (HE) ist eine neurologische Erkrankung, die haufig
wahrend eines akuten oder chronischen Leberschaden auftritt. Bis zu 60% der
Patienten mit einer Leberzirrhose entwickeln die Symptome einer hepatischen
Enzephalopathie. Die hepatische Enzephalopathie ist eine klinische Manifestation
eines geringgradigen Hirnddems, das mit Astrozytenschwellung, zerebralem
oxidativem / nitrosativem Stress im somatosensorischen Kortex assoziiert ist. Daraus
folgend ist die HE mit Veranderungen in der Genexpression, Signaltransduktion und
Neurotransmission sowie einer Beeintrachtigung von Lokomotion und Verhalten
assoziiert. Ammoniak ist als wichtiger Faktor identifiziert worden, der die hepatische
Enzephalopathie induziert. In der Leber wird Ammoniak hauptsachlich uber den
Harnstoffzyklus entgiftet. Ammoniak, der nicht im Harnstoffzyklus entfernt wurde,
wird von perivends-lokalisierten Hepatozyten aufgenommen und dort fur die
Glutaminsynthese genutzt, wobei Ammoniak durch die Kopplung an Glutamat

entgiftet wird. Diese Reaktion wird von der Glutaminsynthetase katalysiert.

Um die Rolle der hepatischen Glutaminsynthetase in der Pathogenese der
hepatischen Enzephalopathie zu untersuchen, haben wir konditionale Knockout-
Mause hergestellt, denen die Glutaminsynthetase leberspezifisch fehlt. Wir konnten
zeigen, dass das Fehlen von der hepatischen Glutaminsynthetase im perivendsen
Bereich der Leber ausreicht, um eine systemische Hyperammonamie in vivo
auszulésen. Die Hyperammonamie in leberspezifischen Glutaminsynthetase-
defizienten Mausen war mit einer verstarkten RNA-Oxidation, sowie mit einer
erhohten Fortbewegung, einem beeintrachtigten Angstgedachtnis und einer leicht

verringerten Lebensdauer verbunden.



Die Konzentrationen des Tumornekrosefaktors im Blut von Patienten korreliert mit
dem Schweregrad der hepatischen Enzephalopathie, jedoch ist der genaue
Mechanismus, durch den TNFa an der Pathogenese der hepatischen
Enzephalopathie beteiligt ist, unbekannt. Wir konnten feststellen, dass der
Ammoniak-Metabolismus in TNFa -defizienten Mausen sowie in TNFR1 & TNFR2

Doppel-Knockout-Mausen beeintrachtigt ist.

Auf der anderen Seite waren TNFa -defiziente Mause und TNFR1-defiziente Mause
gegen eine akute Ammoniakintoxikation geschutzt. Der Schutz von TNFa-defizienten
Mausen gegen eine NH;" -Vergiftung war mit einer verminderten zerebralen
Expression von Ammoniak-durchlassigen Na*, K*, 2CI" Co-Transporter assoziiert.
Pharmakologische Inhibierung von Na®*, K*, 2CI' Co-Transporter wahrend der

Ammoniakintoxikation reduzierte die Dauer des Ammoniak-induzierten Komas.

Zusammengefasst, entschllsselt diese Doktorarbeit die Rolle der leberspezifischen
Glutaminsynthetase und TNFa in der systemischen Ammoniakhomodostase und der

Pathogenese der hepatischen Enzephalopathie.
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1. Introduction

1.1 Liver anatomy.

1.1.1 Gross anatomy.

Mouse liver occupies the anterior third of the abdominal cavity and consists of four
lobes: the undivided left lateral lobe, the caudate lobe subdivided into dorsal and
ventral parts, the right lobe divided horizontally into anterior and posterior parts, and
the median lobe subdivided into right and left parts.’ Blood is supplied through
branches of the hepatic artery and hepatic portal vein. The portal vein delivers blood
from the spleen and gastrointestinal tract. The gall bladder is located in the
bifurcation of the median lobe. The cystic duct from the gall bladder joins the hepatic

duct from the liver and together, they form a common bile duct.

Gall bladder

Median
lobe

Right

Left lobe [sba

Caudate
lobe

Figure 1.1: Liver anatomy 2



1.1.2 Cellular anatomy.

The liver is formed by the following cell types: parenchymal cells (hepatocytes),
which form 60% of the total amount of cells in the liver and 80% of liver volume and
non-parenchymal cells (epithelial cells, stellate cells, Kupffer cells, hepatic dendritic

cells, etc.), which form 40% of the liver cells but only 6.5% of liver volume.?

The functional unit of the liver is the hexagonal hepatic lobule and these lobules
consist of three to six portal triads (hepatic artery, hepatic portal vein, and common
bile duct). Portal vein venules from each triad branch further and these branches run
around each lobule as well as to the centre of a lobule to form sinusoids. The blood
flows from periphery of the lobule to its centre. Sinusoids are fenistrated blood
vessels, are positioned radially, and join at the centre of a lobule into the central

vein.*

Hepatocytes are the building blocks of liver lobules; they are located in parallel to
liver sinusoids but separated from them by the space of Disse.’ Localization of
hepatocytes together with the space of Disse and fenistration allows effective
exchange of materials between hepatocytes and blood.> Such liver architecture also
allows non-parenchymal cells such as immune cells to infiltrate through fenistrates

and perform their functions.
1.1.2.1 Parenchymal cells.

1.1.2.1.1 Hepatocytes.

The metabolic functions of liver rely on hepatocytes, which are involved in blood
protein synthesis, glucose metabolism, ammonia detoxification, lipid metabolism,
drugs, and xenobiotics metabolism.® These functions are not uniformly distributed

among hepatocytes. According to the localization of hepatocytes in the liver lobule,
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hepatocytes can be divided in two populations: periportal hepatocytes and
perivenous hepatocytes. The border between periportal and perivenous areas cannot
be defined in anatomical terms, but can be described in functional terms as different

metabolic processes are located in distinct zones of the liver lobule.®’

Ammonia and glutamine metabolism.

Periportal hepatocyte Perivenous hepatocyte

/ Cytosol \ / Cytosol \
/ Mitochondrion \ / Mitochondrion \

— NH;—[ CPs |

Cbm-
NH,* P

\_ °§” C'.U . J
Orn C|t / III\

NH,* Gln
Arg - Arg uc \\ /

Urea

Gln

Gln Urea

NH,*

vy Y

Figure 1.2: Ammonia and glutamine metabolism’

To efficiently metabolize ammonia, glutamine and ammonia metabolism are
embedded into a structural/functional zonation in the liver lobule. Hepatic urea
synthesis occurs in periportal hepatocytes.® The urea cycle is comprised of five
enzymes: carbamoil phosphate synthetase-1 (CPS-1), ornithine transcarbamylase
(OTC), argininosuccinate synthetase (ASS), arginosuccinate lyase (ASL), and
arginase (ARG). CPS-1 and OTC are located in the mitochondrial matrix, whereas
other urea cycle enzymes are cytosolic.® Expression of transporters is required for
the functioning of the urea cycle, namely, the mitochondrial ornithine/citrulline

transporter ORNT1 and the mitochondrial aspartate/glutamate transporter. '™



The first step in urea production is synthesis of carbamoyl phosphate from ammonia

and bicarbonate by the Carbamoylphosphate synthetase.’

Carbamoylphosphate synthetase requires adenosine triphosphate, free Mgz", and N-
acetyl-Glutamate as an allosteric activator.’®'® Importantly, CPS-1 has low affinity to
ammonia and high concentration of ammonia is required for activity of the urea cycle
in periportal hepatocytes.” Ammonia comes from the portal vein and additional
elevation of ammonia concentration is achieved through mitochondrial glutaminase
activity, which turns glutamine into glutamate and ammonia.' Carbamoylphosphate

synthetase is rate limiting enzyme for urea synthesis."

The next step in the urea cycle is also conducted by mitochondrial enzyme, ornithine
transcarbamoylase, which converts carbamoyl phosphate and ornithine to citrulline.®
The proceeding steps of the urea cycle occur in cytosol where citrulline is combined
with asparate by arginosuccinate synthetase, resulting in arginosuccinate. In this
process, arginosuccinate is cleaved to form arginine and fumarate by the action of
arginosuccinate lyase.® In the last step of the urea cycle, arginine is cleaved by
arginase resulting in urea and ornithine; the urea is released into circulation and

ornithine can be recycled by urea synthesis.’

Ammonia not used by urea cycle is taken up by perivenous hepatocytes and
detoxified by conjugation to glutamate, resulting in glutamine. This reaction is
catalysed by the glutamine synthetase, which is expressed only in small populations
of hepatocytes surrounding the hepatic venule (perivenous hepatocytes).”'® The
glutamine synthetase pathway is a high-affinity system, which ensures that ammonia
does not reach the systemic circulation in high concentrations, in contrast to the urea

cycle, which is a low-affinity but high-capacity system."’



Ammonia demonstrates neurotoxicity. Disturbances in the ammonia metabolizing
pathways in humans lead to severe disease outcomes. For example, new-borns with
urea cycle deficiency demonstrate gradual development of symptoms starting from
somnolence to lethargy and coma.® Inherited GS deficiency leads to glutamine

deficiency and consequently, to a lethal outcome.®

Liver damage can also disturb ammonia metabolizing pathways, leading to increased
ammonia concentrations in the blood.?’ For example, during lipopolysaccharide
induced liver injury, nitration and a decrease of the enzymatic activity of the hepatic
glutamine synthetase is observed.?' Also, rats with bile duct ligation demonstrate
fibrosis of the liver followed by the decrease in urea production, which can further

decrease after induction of septic shock. %

Blood protein synthesis.

Liver is the main source of plasma proteins. Albumin, fibrinogen, prothrombin, Factor
V, Factor VI, Factor IX, and Factor X are among serum proteins produced by the
liver.>2* Albumin is the most abundant protein produced by liver, and approximately
10.5 grams of albumin is produced by a human liver daily.?® During injury, the liver is
able to produce acute phase reaction proteins including the C-reactive protein, serum
amyloid A, a1-antichymotrypsin, a1-antitrypsin, a2-macroglobulin, and complement

factors.?®

Drugs and xenobiotics metabolism.

Liver is the main organ involved in detoxification of xenobiotics and the kidney and
intestine play a minor role in this process.?”?® Xenobiotic metabolism can be divided
in two phases: Phasel, which includes reactions of oxidation, reduction, and
hydrolysis, and Phasell, which includes reactions of conjugation. Phasel enzymes
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include cytochrome P450, flavin containing monooxygenase, aldehyde, and alcohol
dehydrogenase enzymes. Phasell enzymes conduct conjugation, i.e.,
glucuronidation, glutathione conjugation, sulfation, methylation, acetylation, and

amino acid conjugation.?

The cytochrome P450 family is one of the most important Phasel systems and
consist of 57 different isoforms in humans.* CYP450 enzymes contain heme with
helated Fe?*/Fe*, and these enzymes catalyse reactions of mono-oxigenation for a
variety of exogenous and endogenous substrates. *' The second most important
family of drug metabolizing enzymes is flavin monooxigenase, which is responsible
for the oxidation of a variety of nucleophilic agents such as amines, thiols, thioesters

and phosphines, nicotine, and hydrazines. *

After oxidation, the next step of drug metabolism is conjugation. The most prominent
reactions of conjugation are glucuronidation and sulfation. These reactions are
catalysed by different isoforms of UDP- glucuronosyltransferases and

sulfotransferases, respectively.?

Monooxygenation and conjugation with glucuronic acid appear to happen in the
perivenous area, while conjugation with sulfuric acid happens mainly in the periportal

area.’

Lipid metabolism.

The liver plays a major role in the synthesis and oxidation of fatty acids. Lipids are a
main component of cellular membrane and also act as energy storing molecules.
Additionally, the liver is a key player in energy homeostasis, which converts excess

glucose into fatty acids and then exports them for storage as triglycerides as lipid



droplets.® Under chronicle energy overload, triglycerides can also accumulate in the

liver, leading to the development of hepatic steatosis and steatohepatitis.*

Liver zonation.

Functional segregation of hepatocytes is shown to be dependent on the Wnt/beta-
catenin pathway. For example, liver specific beta-catenin knockout mice have been
demonstrated to lack GS and GLT-1 in the perivenous area.>* Moreover, liver
zonation is tightly regulated by the expression of the inhibitor of Wnt/beta-catenin
signalling — APC. Importantly, liver-specific tamoxifen inducible knocking down of
APC leads to the perivenous-like liver phenotype, expressing GS and GLT-1 in all
hepatocytes. Infection of the liver with DKK1 expressing arenavirus leads to

periportal-like phenotype, expressing CPS-1in all hepatocytes.35
1.1.2. Nonparenchymal cells.

1.1.2.2 Sinusoidal endothelial cells.

Liver sinusoidal endothelial cells (LSECs) comprise 50% of all nonparenchymal cells
in the liver.® LSECs separate hepatocytes from the sinusoidal lumen blood. LSECs
have limited contact, forming a gap between endothelial cells and hepatocytes,
referred to as the space of Disse.” However, endothelial cells do not completely
separate parenchymal cells from the sinusoids, rather, LSECs organize special pores
in the endothelium, also called fenestrated endothelium. These pores have an
approximate diameter of around 100nm, which allows the exchange of material
between parenchyma and blood.*” Also, LSECs are able to transfer antigens in the
space of Disse by transcytosis, allowing hepatocytes and HSCs to contact antigens
from blood.* Fenestration allows direct contact between hepatocytes and T cells,

and these T cells form membrane extensions, which can directly make contact with
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hepatocytes. Simultaneously, the hepatocyte membranes appear to be polarized and
express MHCI and ICAM-1 molecules predominantly on perisinusoidal cell
membrane, facilitating CD8" T cell functions.>® LSECs also express a variety of

pattern recognition receptors such as TLR3, TLR4, TLR7, and TLR9.%°

Additionally, LSECs play an important role as antigen-presenting cells (APC) and
also express MHCI and MHCII molecules, together with co-stimulatory molecules
CD80 and CD86. LSECs can directly activate T cells. 4>414243 | SECs can also
internalize antigens from blood and effectively present them through MHCI and

MHCII molecules to circulatinging and liver resident T Cells. 441454647

However, antigen presentation of blood-derived antigens by LSECs can induce

tolerance in T cells.*”*®

Upon activation, CD8" T cells rapidly proliferate. However, LSEC-activated T cells
demonstrate reduced cytokine production (such as IFNy and TNFa) and demonstrate
reduced cytotoxicity.*” This phenomenon occurs because of the expression of high
levels of PD-L1 by LSECs, which induces T cell exhaustion and tolerance.*® In
addition to the expression of PD-L1, upon activation of LSECs by LPS, LSECs down-
regulate co-stimulatory molecules.>® At the same time, Kupffer cells, stimulated with
LPS, produce IL-10 and contribute to the development of T cell tolerance.® IL-10 can

also directly affect LSECs and down-regulate their ability to uptake antigens and

expression of co-stimulatory molecules CD80 and CD86. *?

On the other hand LSECs can inhibit the antigen presenting function of dendritic cells

by direct cell-cell contact and consequently, down-regulate the T cell response.®?



1.1.2.3 Kupffer cells.

Kupffer cells are residential liver macrophages. These cells recognize, engulf, and
digest cellular debris and pathogens and play a central role in the production of
inflammatory cytokines in the liver.® Kupffer cells represent approximately 35% of the
liver's non-parenchymal cells and approximately 80% of all tissue macrophages in

the organism.*

The main roles of Kupffer cells are to protect the organism from bacterial infections
and uptake bacteria translocated from the gut. To perform these functions, Kupffer
cells are strategically located through the sinusoids and express PRR, Fc-receptors,
and complement receptors.*%:54%5%657 These receptors drive the activation of Kupffer
cells and induce production of cytokines. Kupffer cells also express the unique
complement receptor CRIg, which is required for uptake of C3-opsonised
pathogens.*® Notably, CRIg knockout mice are susceptible to Lysteria

monocytogenes infection. CRIg is also important during early anti-viral response.®®°

Kupffer cells play an important tolerogenic role in liver homeostasis by producing
anti-inflammatory cytokines, such as IL-10, and inducing immune tolerance against

antigens delivered through the portal vein.>"%%¢"

Kupffer cells also act as antigen-presenting cells and express MHCI, MCHII, and co-
stimulatory molecules. During HCV infection, Kupffer cells up-regulate expression of
CD80, CD86, and CD40, however, KC expresses lower amounts of co-stimulatory
molecules than hepatic dendritic cells.®%® Additionally, Kupffer cells act as potent
activators of invariant NKT cells (iNKT), which recognize lipid antigens through CD1d

and are important for anti-bacterial immunity.®*



1.1.2.4 Stellate cells.

Hepatic stellate cells (HSC) are non-parenchymal cells located in the liver,
specifically in the space of Disse, and comprise 5-8% of total liver cells.®® HSCs play
a central role in the storage of vitamin A and can be identified by lipid droplets in

cytosol.

HSCs are quiescent long-living cells, however, during liver injury, HSCs lose retinoid

droplets and become highly proliferative matrix-secreting myofibroblasts®.

HSCs can be activated by a variety of cytokines secreted by other hepatic cell
populations. Kupffer cells play important role in the activation of HSC, i.e., Kupffer
cells can stimulate cell proliferation, matrix synthesis, and the release of retinoids
from HSCs through the release of TNFa, TGFb, and MMP-9.” TGFb is the most

prominent signal, inducing matrix synthesis.

On the other side IFNy reduces activation of HSCs in vitro and in vivo, and can
induce apoptosis of activated HSCs. °8%° Moreover, the adenovirus mediated

expression of interferon-gamma can inhibit progression of liver fibrosis in vitro.”

HSCs demonstrate antigen-presenting properties and express MHCI, MHCII, CD80,
and CD86.”"" Moreover, microscopical studies have demonstrated direct
interactions between T cells and HSCs, further supporting the antigen-presenting role

of HSCs.”®

1.1.2.5 Dendritic cells.

Hepatic dendritic cells are professional antigen-presenting cells, constitutively

expressing MHCII on their surface, and are typically found in the portal area. ">

Strategical localization allows DCs to effectively capture and process antigens. DCs

can be recruited to the inflamed liver by Kupffer cells.””"®
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DCs promote both immune response and immune tolerance. Immature hepatic
dendritic cells induce tolerance, while mature DCs, expressing CD80 and CD86,
promote immune response. "° Two major subtypes of DCs have been distinguished:

myeloid and plasmacytoid dendritic cells.®

Myeloid dendritic cells are CD11¢” MHCII* cells and can produce cytokines such as
IL-12, IL-10, and small amounts of IFNa in response to stimulation. In naive
conditions, myeloid dendritic cells demonstrate immature phenotypes and express

low levels of CD80, CD86 and CD40 co-stimulatory molecules.?’
Plasmacytoid dendritic cells are potent producer of interferon-alpha.®?

Dendritic cells express multiple pattern recognition receptors, for example, TLR7 and

TLRO.8

DCs from the liver demonstrate a reduced ability to activate T cells compared with
DCs from other organs. These phenotypes are attributed to lower antigen uptake and
higher production of immunosuppressive IL-10 and reduced production of IL-12 by

hepatic dendritic cells.®*®>%

1.1.2.6 Lymphocytes.

NK cells.
One-third of liver lymphocytes are NK cells.*

Upon activation, NK cells secrete granules containing perforin and granzyme, both of
which induce death of target cells.®” NK cells also play a role in the modulation of
immune responses by other cells. NK cells secrete IFNy in response to TLR

stimulation, which induces expression of MHCII molecules by macrophages and
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inhibits hepatocytes proliferation.?3%%° Moreover, NK cells regulate anti-viral

immunity by modulating T cell response.®’

NKT cells.

NKT cells form an important immune population in the liver. These cells express a
restricted TCR repertoire and recognize lipid antigens, presented via the CD1d
molecule.®® NKT cells are rapidly activated and produce large quantity of cytokines,

e.g., TNFa, IFNy, IL-4, and IL-13.%

NKT cells are important for the immune response against bacteria and lipid-coated
viruses such as HBV. In response to HBV infection, NKT cells produce IFNy, which
blocks virus replication.94 Moreover, activation of NKT cells occurs after anti-HBV
vaccination and is important for mounting an immune response.®

Stimulation of NKT cells and transplantation of ex-vivo activated NKT cells protect
mice from hepatocellular carcinoma after transfer of hepatoma cells in vivo.%®*’
Partially, these effects are attributed to the activation of NK cells by NKT cells.?® NKT
cells may play a controversial role during liver regeneration as they infiltrate the liver
after partial hepaectomy and promote hepatocytes proliferation.*® However, in HBV

transgenic mice, NKT cells inhibit liver regeneration by producing interferon gamma,

which inhibits hepatocytes proliferation.*

T cells.

T cells represent an adaptive immune system. In general, T cells can be divided into

cytotoxic T cells, which express CD8 and T helper cells, which are positive for CD4.
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CD8 and CD4 positive cells recognize antigen peptides presented on the cell surface
by MHCI and MHCII molecules, respectively.'® Antigen presentation to T cells in the

liver often leads to the induction of tolerance rather than activation of T cells.'®

Th cells.

CD4" lymphocytes or T helper cells regulate immunity by cell-cell contact and the
production of cytokines. CD4" lymphocytes can be further divided into many subsets:

Th1, Th2, Th17, Th22, Tfh, and Treg cells.®

Th1 response is characterized by the production of IL-2, IFNy and TNFa and is
important for pro-inflammatory responses and killing intracellular pathogens.103 Th2
cells produce IL-4 and IL-5 cytokines, which are important for IgE production,

activation of mast cells and eosinophils, and anti-helmint immunity.104

CD4" T cells are important for resolution of HCV infection.'® A strong CD4" T cell
response is associated with clearance of infection, however, patients with persisting

infection demonstrate diminished CD4" response and IL-2 production.’®

Th17 cells are associated with liver damage during alcoholic liver disease and
contribute to liver injury during HBV infection.®”"°® Moreover, HCV and HBV

infections promote Th17 cells response. %1%

Cytotoxic T-cells.

The main function of CD8" cytotoxic lymphocytes is to eliminate tumor cells and
infected cells. CTL can induce apoptosis in the transformed and infected cells by
perforin/granzyme apoptosis or by using FasL-induced apoptosis.’'® CTL can also

produce high quantities of cytokines, e.g., IFNy, TNFa, and IL-2.""
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CD8* T cells are essential for the clearance of HCV and HBV.""213"* prolonged
exposure of CD8" T cells to antigens lead to T cell exhaustion, during which,
exhausted T cells lose their effector functions, e.g., killing ability and expression of
IFNy and TNFa. During exhaustion, T cells up-regulate expression of inhibitory
molecules, namely, programed cell death protein (PD-1), T-cell immunoglobulin and
mucin-domain containing-3(TIM3), lymphocyte-activation gene 3 (Lag-3), and
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4).""""® CTL are also
responsible for liver damage during viral hepatitis, which is manifested by elevated

activity of liver enzymes (e.g., transaminases) in serum. '’

1.2 Liver damage

Based on duration or persistence liver injury could be divided in acute and chronic.

Acute liver injury can be resolved by the elimination of injurious agents with no long-
term consequences and a full recovery of liver architecture and functions. However,
continuous exposure to the harmful agents can lead to progressive liver fibrosis and

potentially result in cirrhosis, hepatocellular carcinoma, or liver failure.
1.2.1 Chemokines and cytokines.

Chemokines.

Infiltration of leukocytes contributes to the development and progression of liver

injury. Chemokines are cytokines specialized in the recruitment of cells to the site of
inflammation and injury. Following hepatic injury, different hepatic cell types secrete
chemokines such as CCL5 and CCL2, resulting in the attraction of T cells, NK, NKT

cells, and neutrophi|s_118'”9'120
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Leukocyte migration into liver tissue is observed during LPS-induced liver injury,
alcoholic liver disease, and HCV and HBV infections. Activated stellate cells during
liver fibrosis secret CCL2 and CCL5, which attract macrophages and leukocytes and
therefore, lead to further activation of HSCs and progression of fibrosis."?! Blocking
chemokine receptors CCR1, CCRS5, and CCR2 can protect mice from liver fibrosis
during BDL-induced liver fibrosis and CCl4-mediated liver damage. '?*'?* These
chemokine receptors are essential for the migration of HSC and macrophages and

up-regulation of the expression of other cytokines, e.g., TNFa, IL-6 and IL-1p."%>"?3

Cytokines.

Pro-inflammatory cytokines including TNFa, IL-6, and IL-13 are up-regulated in most

types of liver injuries.'*

Tumor necrosis factor.

TNFa plays a major role in liver homeostasis because of its ability to activate both

pro-apoptotic and anti-apoptotic signal pathways.

TNFa is produced as part of the liver’s response to hepatotoxins such as LPS and
carbon tetrachloride.®® Most liver damage inflicted during carbon tetrachloride liver
injury is induced by TNFa. A blockade of TNFa by soluble receptor of TNFa has been
demonstrated to decrease mortality in vivo and reduce liver damage, as assessed by
levels of transaminases and histology.'?® Moreover, TNFa- and TNFR1-deficient
mice are less susceptible to carbon tetrachloride liver damage.'?” Toxicity of LPS is
also mediated by TNFa and TNFR1 and therefore, TNFR1-deficient mice are
protected against septic shock, but succumb to L. monocytogenes infection.'®

Importantly, intravenous administration of TNFa alone does not cause liver damage,
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but the blocking of translation by administration of D-galactosamine sensitizes the

liver to TNFa-induced apoptosis.

TNFa is also involved in alcoholic liver injury. Long-term alcohol feeding induces liver
damage in WT- and TNFR2-deficient mice, whereas TNFR1-deficient mice are
protected from alcohol-induced liver damage.'®® Notably, levels of TNFa positively
correlates with disease severity in alcoholic hepatitis. '

TNFa is also known to be up-regulated in the serum of patients with NASH.""132

TNFa is considered as one of the precipitating factors of hepatic encephalopathy.
Concentration of TNFa in the serum of patients positively correlates with the severity
of hepatic encephalopathy. Moreover, in patients with cirrhosis during HE stage | or
[, ammonia concentrations in the blood of patients are not elevated, but TNFa
concentrations are significantly up-regulated, suggesting, that TNFa is involved in

triggering HE pathogenesis.'®'3

Additionally, TNFa has been shown to be up-regulated in brain tissue during acute
liver failure in mice, and deletion of TNFR1 delays onset of HE, however, detailed

molecular mechanism remains unclear.'®

IL-6.

IL-6 is a main inducer of the acute phase response in liver and is secreted mainly by

monocytes and macrophages. '°°

IL-6 in liver can signal through its specific membrane bound receptor IL-6R, complex
IL-6/IL-6R recruit additional protein gp130 and induce downstream signaling. This
process happens in cells that express IL-6R such as hepatocytes, Kupffer cells, and

stellate cells.™’ Cells that do not express IL-6R can sense IL-6 through ,trans-
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signaling®, for example, when soluble IL-6R binds to IL-6 and this complex binds to

gp130, downstream signaling is induced.®

During an acute phase response, various proteins are expressed including C-reactive
protein, serum amyloid A, haptoglobin, and fibrinogen. In IL-6-deficient mice, acute
phase response is impaired."® IL-6 is important for liver regeneration after partial
hepatectomy or liver damage; importantly, activation of Kupffer cells lead to
expression of TNFa and further promotes expression of IL-6."%° IL-6" mice
demonstrate impaired liver regeneration, which could be reverted by administrating

IL-6."41

A blockade of IL-6 trans signaling leads to increased liver damage in the model of
CCl4-induced liver damage.'?

High levels of IL-6 in serum is associated with increased risk of developing

hepatocellular carcinoma caused by viral infections and alcoholic cirrhosis.'* 144145

Transforming growth factor-g.

Transforming growth factor- (TGFb) is a major regulator contributing to liver fibrosis
during chronic liver disease and the progression from liver injury to cirrhosis and
hepatocellular carcinoma. During liver injury, TGFb is secreted by granulocytes,
Kupffer cells, and HSC."®"*" TGFb is a potent inhibitor of hepatocytes proliferation,
and acts as a negative regulator of liver mass. It can inhibit proliferation as well as
induce apoptosis of hepatocytes.'*®'*® TGFb expression is up-regulated during the
end stage of liver regeneration.”® TGFb plays an important role in the activation of
HSC and therefore, liver fibrosis. TGFb promotes HSC activation, differentiation of

HSC into myofibroblasts, expression of collagens, suppression of matrix

17



metalloproteinases, and increases of tissue inhibitors of

metalloproteinases(TIMPs).™"

1.2.2 Infectious disease

1.2.2.1 HBV

Hepatitis B virus (HBV) infection is one of the most common chronic infections and
small amount of virus particles (1-10) are sufficient to cause infection. The virus is
transmitted via blood and body fluids as well as vertically from mother to child.
Infection in adults results in acute infections; specifically, less than 5% of infected
subjects develop chronic infection.’®® HBV is not cytopathic and therefore, liver
damage is mediated by the immune system. HBV can promote development of HCC
directly and indirectly by promoting inflammation, liver injury, and fibrosis."*® Protein
coded by the hepatitis B x gene (HBXx) is associated with activation of the Ras-Raf-
MAP kinase pathway and can interact with p53 and suppress its antitumor activity."®
The genome of HBV can integrate into the human genome, however, integration is

not essential for virus replication. Integration of HBV genome promotes genomic

instability and carcinogenesis. ™’

1.2.2.2 HCV

Chronic infection with hepatitis C virus (HCV) is a common cause of cirrhosis and
chronic liver failure. HCV is a single-stranded RNA virus from the Flaviviridae
family."®® HCV is transmitted via intravenous drug abuse and rarely from mother to
child.”® Acute HCV infection is often asymptomatic; only 15% of cases are
demonstrate to cause symptoms such as fatigue, nausea, joint pain, or signs of liver

damage such as jaundice and increased liver enzymes.'®® Seventy-five to eighty-five
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per cent of infected adults develop chronic infection.'®® Chronic HCV infection is
associated with chronic hepatic inflammation which can drive liver fibrosis.'®" HCV
infection also promotes HCC via indirect (chronic inflammation, cell death,
proliferation, and cirrhosis) and direct (modulating metabolic and intracellular

signaling pathways) mechanisms."®*"%°

1.2.3 Non-alcoholic fatty liver disease.

Non-alcoholic fatty liver disease (NAFDL) affects up to 19% of the population in the
United States.'® It is characterized by the accumulation of triglycerides in the liver.
The proportion of people with NAFDL that progresses into more severe disease non-
alcoholic steatohepatitis (NASH) is approximately 6% of the adult population in the
US.™ Development of NASH is described by the multiple hits theory and requires
lipotoxicity, pro-inflammatory cytokines, oxidative stress, and endoplasmic reticulum
stress."® There are no noninvasive diagnostic tests available for differentiating

NAFDL from NASH. Up to 20% of cirrhosis cases are developed from NASH.'®’

1.2.4 Liver cirrhosis.

Liver cirrhosis occurs in response to chronic liver injury and is characterized by the
development of regenerative liver nodules surrounded by fibrotic tissue.'® The
transition from chronic liver disease to cirrhosis requires inflammation and activation
of hepatic stellate cells followed by fibrinogenesis."®® Cirrhosis at the advanced stage
is accompanied by distortion of hepatic vasculature, which leads to shunting of the
portal into central vein. '®® Liver fibrosis leads to impaired hepatocytes functions,
portal hypertension, and ultimately, to the development of hepatocellular carcinoma.

Reduced function of liver parenchyma and portal hypertension could lead to jaundice,
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coagulopathy, ascites, hepatic encephalopathy, and esophageal and gastric varices

with the risk of hemorrhage.'”®

1.2.5 Hepatic encephalopathy.

Hepatic encephalopathy (HE) is a neurological complication frequently observed
during acute or chronic liver injury. This condition is characterized by low-grade
cerebral edema with oxidative/nitrosative stress followed by alterations in gene

expression, signal transduction, synaptic plasticity, and neurotransmission.'”*172173

For a long time, HE was considered a reversible disease, however, recent reports

demonstrated long-term impairment of cognitive functions after resolving HE.""

1.2.5.1 Symptoms.
More than 60% of patients with cirrhosis are reported to demonstrate signs of HE."”

HE is characterized by impaired cognition, motor functions, emotional regulation, and
altered behavioral patterns. In clinical practice, four different stages of overt HE are
distinguished according to the severity of manifestation. Additionally, minimal hepatic

encephalopathy is considered as HE even without obvious clinical symptoms.’®

Minimal HE requires special psychometric tests to be identified. These tests usually
include several paper-pen tests or computerized tests measuring reaction time and
rate of appropriate reactions."”’” Patients with minimal HE tend to exhibit longer
reaction times and lower rates of correct answers.'’® Alternatively,
electroencephalography or measurement critical flicker frequency could be utilized.
Critical flicker frequency (CFF) measurement requires patient to observe a light
pulsing starting at 60Hz and slowing during the test; in this test, patients should

identify when the light starts flickering. If the identified CFF is below 39Hz, the patient
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is diagnosed with HE.'"® Symptoms of overt hepatic encephalopathy initially include
tremors, disturbance in sleep-wake rhythmicity, irritability, drastic changes in

personality, and progress to stupor and coma during high-grade HE.

Symptoms of HE are summarized in the Table 2.

Grade Symptoms
Low grade Minimal HE No overt symptoms
Grade | Short attention span, disturbed

sleep-wake-rhythm, tremors,

changes in personality

Grade |l Lethargy, fatigue,
disorientation, flapping

tremors, memory malfunction

High grade Grade llI Somnolence, stupor

Grade IV Coma

Table 1. Severity grades of hepatic encephalopathy.

1.2.5.2 Pathogenesis.

Ammonia plays a central role in the pathogenesis of hepatic encephalopathy.'®
Ammonia as pathogenic factor of HE was identified at the end of nineteenth century
by the team of Nobel prize winning Prof. Pavlov. They observed that a shunt

bypassing blood from portal vein directly into vena Cava after six weeks lead to
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abnormal behavior in dogs.'®" Specifically, the dogs demonstrated aggression,
ataxia, i.e., seizures and coma, especially after ingesting ammonia-rich food. Feeding
ammonia to these dogs was later shown to induce coma and death, adding support
to original observations of ammonia neurotoxicity in cases of bypassing liver.'®!
Moreover, it has been demonstrated that administration of different nitrogen-
containing substances such as ammonia chloride, protein, or ammonium citrate to
patients with advanced cirrhosis results in the patient developing symptoms similar to

an impending hepatic coma.'®?

Ammonia is mainly produced by gut microbiota, which demonstrate high urease
activity, and glutaminase expressed by enterocytes in the small intestine and
colon." Ammonia from the gut is absorbed and delivered by the portal vein into the
liver, where it is normally detoxified by a high-capacity and low-affinity urea cycle to
urea and excreted by the kidneys; ammonia spilled over from urea cycle is utilized by
low-capacity and high-affinity hepatic glutamine synthetase to glutamine.'” However,
other organs such as muscles, kidneys, and the brain can metabolize
ammonia.'®1818% Acute or chronic liver injury reduces the ability of liver to
metabolize ammonia. Inherited defects in the urea cycle genes as well as in
glutamine synthetase genes lead to hyperammonemia and can cause severe
neurological symptoms such as lethargy, coma, and death. '®'® LPS-induced liver
damage is associated with nitration and inactivation of hepatic glutamine synthetase

in rats, which also contributes to accumulation of ammonia.?’

The correlation between ammonia concentration and severity of hepatic
encephalopathy has been observed in ALF patients, where 55% of patients with ALF
and a blood ammonia concentration higher than 200 mmol/L developed both HE and
intracranial hypertension.'® Elevated concentration of blood ammonia, higher than
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150 mmol/L, was demonstrated to predict a higher chance of death in patients with

ALF.'®

Notably, during chronic liver failure, levels of ammonia do not always correlate with
the severity of HE and additional precipitating factors play an important role in the
pathogenesis of HE, such as hyponatraemia, pro-inflammatory cytokines, and

benzodiazepines.'**'"

Astrocytes dysfunction.

Excess ammonia that has not metabolized in the liver is delivered with the blood
stream to central nervous system (CNS). The most abundant cells in the CNS are
astrocytes, which have several functions such as providing mechanical support to
neurons, providing nutrients, the uptake of neurotransmitters, and maintenance of ion

balance in extracellular space."®®'%°

Astrocytes are susceptible to ammonia toxicity due to high levels of expression of

glutamine synthetase.'®'%

Astrocytes provide neuron protection against ammonia, neurons co-cultured with
astrocytes are protected from ammonia toxicity, whereas neurons alone are sensitive
to ammonia intoxication and undergo apoptosis after treatment with ammonia

chloride for 48 hours.""

Kato et. al have demonstrated swelling of astrocytes and endothelial cells in post

mortem brain analysis in patients succumbing to fulminant liver failure.®?

Astrocytes chronically exposed to ammonia in vivo and in vitro develop Alzheimer
type Il phenotype, which includes swollen nucleus, margination of the chromatin, and

significant swelling of the cytoplasm. These phenotypes can be observed in vivo,
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e.g., in rats fed with ammonia-rich food and with a portocaval shunt and in vitro after

exposure of cultured astrocytes to ammonia. %%

Ammonia induces senescence in cultured astrocytes; elevated expression of
senescence associated genes has been detected in post-mortem human cerebral

cortex samples with HE."®®

Astrocytes express high levels of glutamine synthetase and during exposure to
elevated levels of ammonia, astrocytes produce high amounts of glutamine, which
could be detected by MRI in the brains of patients with HE."®® Excess glutamine
produced by astrocytes appear to cause an osmotic stress and promote astrocyte
swelling in HE and contribute to the subsequent astrocyte and CNS dysfunction.
Astrocyte swelling can be inhibited by pharmacological inhibition of glutamine

synthetase with methionine sulfoximine.'’

Osmotic activity of glutamine can be compensated by the depletion of myo-inositol
and taurine.® Concentration of myo-inositol has reverse correlation with
concentrations of glutamine and memory functions during hyperammonemia induced

by amino acid load in patients with cirrhosis. '%°

According to the Trojan horse theory postulated by Norenberg, glutamine
synthesized in astrocytes is translocated in mitochondria, where it is converted back
to glutamate and ammonia by glutaminase.?® In mitochondria, ammonia interferes
with energy metabolism, depletion of ATP has been observed in in vivo and in vitro
exposure of astrocytes to high ammonia concentrations.?®! Elevated levels of lactate
has been observed in the blood of patients with paracetamol-induced liver failure and

these data further support the theory of energy failure during ammonia intoxication.

202
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Hepatic encephalopathy can also be precipitated by inflammatory cytokines,
benzodiazepines, and hyponatraemia.’”® In cultured rat astrocytes, ammonia induces
swelling and production of free radicals (reactive oxygen and reactive nitrogen
species) and induction of oxidative stress.?*?** Benzodiazepines and hypoosmotic
conditions also contribute to oxidative stress in astrocytes.??>?% |nduction of
oxidative stress occurs through N-methyl-D-aspartate (NMDA) receptor-dependent
mechanisms and can be inhibited by the NMDA receptor inhibitor MK-801.2972%4
Astrocyte swelling and oxidative stress are interconnected: astrocyte swelling
induces oxidative stress through NMDA receptors. NMDA receptor activation and
oxidative stress, on the other hand, induce astrocyte swelling, resulting in a self-
amplificating loop.?% Production of ROS during swelling is mediated by the activation
of NADPH oxidase and Ca?*/calmodulin-dependent isoforms of nitric oxide synthase

are responsible for synthesis of nitric oxide.2%¢2%

Protein nitration.

RNOS produced during astrocyte swelling causes direct damage to neurons by

disturbing the mitochondrial respiratory chain.?*®

RNOS can covalently modify proteins through the reaction of an addition in the third
position of the phenolic ring in tyrosine.?'° Protein tyrosine nitration (PTN) can be
induced by different factors acting synergistically during HE. Ammonia alone,
benzodiazepines, and inflammatory cytokines are able to induce protein tyrosine

nitration in vitro in cultured astrocytes.?%"29>21

PTN can induce astrocyte swelling that can be abrogated by antioxidants. PTN in
astrocytes can be induced in vitro by HE precipitating factors, benzodiazepines, and

inflammatory cytokines (TNFa, IL-1B, and IFNy).%"?
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Benzodiazepines induced nitration is mediated by the activation of peripheral
benzodiazepine receptors, whereas PTN induced by ammonia and cytokines is

NMDA receptor dependent_2°4'2°5'21 1

PTN in astrocytes is also observed in vivo in rats intoxicated with ammonium acetate,
LPS, or with a portocaval shunt bypassing liver. PTN is especially prominent in
astrocytes located close to the cerebral blood vessels and could potentially affect the

blood brain barrier.?'

PTN only affects distinct proteins: Erk-1, the peripheral benzodiazepine receptor;
glyceraldehyde-3-phosphate dehydrogenase; and glutamine synthetase.?™ Nitration
can inhibit protein function, nitration of glutamine synthetase and glyceraldehyde-3-

phosphate dehydrogenase suppresses their activity.?"?'421°

In a human post-mortem brain study, patients with cirrhosis and HE demonstrated
elevated brain PTN compared with a cirrhosis-only group. Increased PTN in the brain
was associated with decreased GS activity, while expression of GS was not altered;
also of note, expression of glutamate/aspartate co-transporter was up-regulated in

the tissue of patient’s with HE.?'®

RNA oxidation.

Production of ROS can lead to the oxidation of the nucleic acids DNA and RNA.
Deoxyguanosine in DNA can be oxidized to 8-Hydroxydeoxyguanosine 8-Oxo-2"-
deoxyguanosine (8-OH(d)G) and guanosine in RNA can be oxidized to 8-
Hydroxyguanosine (8-OHG). Cytoplasmic RNA is more susceptible to oxidation than
DNA, probably due to the histon-provided protection of DNA. Oxidation of DNA can

lead to the transversion of G:C to A:T during replication. Oxidation of RNA
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downregulates protein expression and can be observed during Alzheimer's

disease.?"’

Ammonia triggers RNA oxidation in cultured rat astrocytes and brains in vivo. In
particular, ribosomal 18s rRNA and mRNA coding glutamate/aspartate transporter
(GLAST) has been identified as susceptible to oxidation.?'® Notably, RNA oxidation in
vivo is reversible. RNA oxidation is NMDA receptor dependent and can be increased
by TNFa and benzodiazepines.?'® Significantly higher oxidation of RNA has been
observed in human post-mortem brain sections from humans with cirrhosis and HE

compared with humans with cirrhosis but without HE.?'®

The exact role of RNA oxidation in pathogenesis of HE is unknown, however,
disturbed protein synthesis and folding can participate in memory formation and

learning.'"32"

Zn homeostasis.

Hypoosmolarity and ammonia affects Zn?* homeostasis in cultured rat astrocytes and
causes intranuclear Zn?* release. An increase in [Zn?*]; is accompanied by the

translocation of MTF-1 and Sp1 transcription factors into the nucleus.?'%#%°

MTF-1 regulates the expression of metallothioneins mMRNA. Metallothioneins protect
astrocytes from Zn?* toxicity and oxidative stress as well as preventing astrocyte
221,222

swelling.

Sp1 regulates expression of the peripheral-type benzodiazepine receptor (PBR).?%

PBR is up-regulated in HE and mediates the oxidative stress response towards

benzodiazepines.?®
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Neuroinflammation.

Acute liver failure can lead to cerebral production of pro-inflammatory cytokines, e.g.,
TNFa, IL-18, and IL-6 on mRNA and protein levels.?** In a rat model of acute liver
failure (portocaval shunt), the amount of activated microglial cells, as measured by
the amount of CD11b and MHCII positive microglial cells, correlated with the severity
of liver damage and expression of pro-inflammatory cytokines. ?*> Expression of IL-
1B, IL-6, and TNFa were elevated 2.3-fold, 3.0-fold, and 2.1-fold, respectively.?®
Similar up-regulation of IL-13 expression in brain tissues has been reported in bile

duct ligated rats and ammonia fed animals.??®

These findings indicate that hyperammonemia alone can induce the activation of

microglia and expression of inflammatory cytokines by microglia.

In post-mortem samples of patients with cirrhosis and HE, activation of microglia was
detected, however, no up-regulation of inflammatory cytokines was reported in

comparison with patients with cirrhosis but without HE.?*

In another study, elevated expressions of mMRNA coding IL-R1 (receptor for IL-1) and
receptors of anti-inflammatory cytokines IL-4 and IL-10 were observed in patients
with cirrhosis and HE compared to patients with cirrhosis only. %2

Overview of the pathogenesis model.

Hepatic encephalopathy is the result of astrocyte swelling, which is triggered by
ammonia and can be precipitated by other factors e.g. inflammatory cytokines,
benzodiazepines, and hyponatremia. Astrocytes detoxify ammonia by converting it to
glutamine. Accumulation of glutamine cause osmotic stress and swelling of
astrocytes. Osmotic stress mediates the formation of reactive nitrogen and oxygen

radicals (ROS/RNS), while ROS/RNS induces cell swelling. Therefore, astrocyte
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swelling and oxidative stress form a self-amplificating loop. Oxidative stress induces
RNA oxidation and protein tyrosine nitration and malfunction of astrocytes. As a
result, disturbances of oscillatory cerebral networks occur, which leads to the onset of

HE. An overview of pathogenesis model is presented in Figure 1.3.

Inflammatory
cytokines

\ \ /
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ROS/RNOS

/TN

Gene Signalin RNA Protein tyrosine Zink
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Hyponatremia Ammonia Benzodiazepines

~
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Disturbed Oscilatory Networks

Cognitive and Motoric Symptoms

Figure 1.3 Pathophysiological model of hepatic encephalopathy."”

Blood brain barrier.

The role of blood brain barrier (BBB) in the onset of HE is debatable and
controversial data are available. In experimental acute liver failure induced by D-
galastosamine in rats and rabbits, no disturbance in the integrity of blood brain barrier

was reported.?2%23°
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The inflammatory cytokines TNFa and IL-13, involved in pathogenesis of HE, can
permeabilize the blood brain barrier. Additonally, administration of D-galactosamine
and lipopolysaccharide or D-Gal and TNFa down-regulate expression of tight-
junction protein occludin and lead to leakage of BBB. The permeability of the BBB
was detected by Evans blue penetration into the brain and was TNFR1 dependent.?"
In humans with acute liver failure, tight junctions forming the blood brain barrier
appeared to be physically intact, however, endothelial cells were swollen, with
increased numbers of vesicles and vacuoles.'®? IL-1 is reported to induce

expression of HIF-1alpha and VEGF-A and regulate BBB permeability.?*?

Inflammatory cytokines can induce expression of MMP-9, which plays a major role in
the regulation of BBB permeability by degradation of the tight junction proteins
claudin and occludin.?**?** During azoxymethane-induced liver failure, activity of
MMP-9 in systemic circulation is up-regulated, and inhibition of MMP-9 activity by
specific inhibitor GM6001 or monoclonal antibodies attenuates the onset of astrocyte

swelling, brain edema, and extravasation of Evans blue.?**

In the mouse model of allergic encephalomyelitis, disturbance of the BBB is RNOS
dependent and can be prevented by the scavenger of peroxynitrite-uric acid,
suggesting potential BBB disturbance during hyperammonemia-induced oxidative

stress. 236237

Ammonia can also reach the brain by passing through ion channels such as the Na-

K-CI co-transporter 1 or utilizing water channels such as aquaporins.

Na-K-Cl co-transporter.

Na-K-ClI co-transporters (NKCC) are a class of transmembrane proteins that

transport Na*, K" and CI across cell membranes in variety of cells. NKCC mediate
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the stoichiometric transport of Na*, K" and 2CI, and therefore, NKCC-mediated ion

transport is electro neutral.?*®

NKCC exist in two isoforms: NKCC1 and NKCC2. NKCC1 is ubiquitously expressed,
whereas NKCC2 is expressed only in the kidneys.?*> NKCCH1 is involved in brain
edema formation after ischemia and traumatic brain injury and can be inhibited by

bumetanide.?40:241.242

In a study conducted by Jaykumar et al., NKCC1 is shown to mediate the swelling of
astrocytes during ammonia intoxication. Astrocytes cultured with ammonium acetate
demonstrated increased activity of NKCC1 associated with induction of NKCC1
expression by ammonia. Ammonia treatment caused nitration and oxidation of
NKCC1, anti-oxidant treatment diminished NKCC1 activation and decreased

astrocytes swelling, and bumetanide was able to prevent astrocyte swelling.?*?

Ammonia in vivo disturbs potassium buffering by astrocytes, leading to an increase of
extracellular potassium concentration and overactivating NKCC1 in neurons. These
events lead to depolarization of neuronal GABA potential and impaired cortical
inhibitory networks. Inhibition of NKCC1 activity by bumetanide prevents neuronal

dysfunction and decreases mortality of ammonia-intoxicated mice.?**

Aquaporins.

Aquaporins are small transmembrane proteins responsible for water homeostasis.
Eleven aquaporins are currently known and most of them exclusively transport
water.?** However, AQP3, AQP7, and AQP9 also transport glycerin and ammonia.?*°
Treatment of astrocytes with ammonia induces expression of aquaporin 4 on the cell
membrane.?*” Mice treated with LPS, D-galactoseamine, and additionally treated with

ammonia acetate, demonstrate elevated expressions of Agp-4, but not Aqp-1.24®
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Aquaporin 4 deficient mice demonstrate reduced brain edema after acute water
intoxication and ischemia.?*® Aquaporin 4 is highly abundant in astrocytes and could
regulate the transport of water across the blood brain barrier.?*° A direct correlation
between the expression of aquaporin 4 and brain edema has been demonstrated in

ischemia and traumatic brain injury. 2°2°%%%3

1.2.5.3 Therapy

Ninety per cent of patients with HE have at least one of precipitating factors.
Resolving the precipitating factors is the first priority of treatment, the second is

managing the patient's mental status, and third is preventing of recurrence of HE.?>*

There are few treatment options available for hepatic encephalopathy:
nonabsorbable disaccharides (lactulose), antibiotics (rifaximin), nutrition
management, probiotics, zinc, branched chain amino acids (BCAAs), and ammonia

scavengers.®>*

Nutrition.

Protein malnutrition, particularly the restriction of dietary protein, is associated with a
poor prognosis during HE.?*® Restriction of protein intake leads to muscle wasting
and accumulation of circulating ammonia levels.?*® In addition, skeletal muscles
express high levels of glutamine synthetase and contribute to ammonia

detoxification.
Nonabsorbable disaccharides.

Nonabsorbable disaccharides (lactulose and lactitol) are standard treatment for HE.
Lactoluse is not absorbed in intestine, but it can be metabolized by gut microbiota

into acetic acid, propionic acid, butyric acid, and lactic acid.?*” Acidic metabolites of
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lactulose contribute to acidification of the gut and therefore, by converting NH3 into
the non-absorbable NH;* form, leading to a lowering of ammonia levels in the

bloodstream and helping to resolve HE.

Antibiotics.

Since majority of ammonia is generated by gut microbiota, treatment with antibiotics
is efficient against HE. Currently, rifaximin is the antibiotic of choice for treating HE.
Rifaximin is shown to be effective in blood ammonia lowering and produce less
adverse effects then neomycin.?*® Additionally, rifaximin is a non-absorbable
antibiotic, and this property allows it to reach high concentrations in the gut.
Combination therapy, using lactoluse and rifaximin, is demonstrated to be highly
effective, 76% of patients treated with a combination of these drugs showed complete

recovery from HE compared to 50.8% in the lactoluse-treated group.?*

Ammonia scavengers.

Ammonia scavengers facilitate the reduction of ammonia concentration in the blood
and increase ammonia clearance. Glycerol phenylbutyrate and ammonia are
converted to phenylacetylglutamine in vivo, which can be excreted via the kidneys.
During clinical trials, glycerol phenylbutyrate has demonstrated to reduce the amount
of HE events from 36% in a placebo group to 21% and lowered concentrations of
circulating ammonia.?*® Another ammonia lowering agent is ornithine phenylacetate,
which uses the same pathway as glycerol phenylbutyrate and promotes the excretion
of ammonia in urine. Also, ornithine phenylacetate can reduce plasma ammonia

levels in patients with decompensated cirrhosis. %'
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L-ornithine | aspartate.

L-ornithine | aspartate (LOLA) promotes activity of the urea cycle by increasing
glutamate synthesis and up-regulating urea synthesis by increasing flux via ornithine
transcarbamylase (OTC), leading to increased ammonia clearance from patients’
blood.?*? LOLA has significantly improved clinical outcomes of patients with HE
compared with those in placebo- or no-treatment groups. Moreover, no significant

difference has been observed between lactoluse- and LOLA-treated groups.?®®

Polyethilene glycol.

Before the discovery of lactoluse efficacy against HE, laxatives were commonly used
in treatment, suggesting that simple bowel evacuation could be efficient against HE.
Polyethilene glycol is common, safe, and efficient laxative. In clinical trials, 91% of
patients who received polyethylene glycol showed an improvement in HE compared
to 52% in patients treated with lactoluse. Moreover, HE resolution in the polyethylene

glycol group occurred faster than in the lactoluse-treated group. 2%

Probiotics.

As gut microbiota plays central role in the production of ammonia, alteration of gut
bacteria composition can be beneficial. During clinical trials, comparing lactoluse,
probiotics, and no treatment, lactoluse and probiotics were shown to be effective
whereas no significant difference in recurrence of HE was observed between the

lactoluse- and probiotic-treated groups.?°*2®

N-acetylcisteine.

N-acetylcysteine, is a potent antioxidant with hepatoprotective and neuroprotective

properties, prevents hepatic damage caused by azoxymethane, and contributes to
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the normalization of levels of glutathione in the brain.?®’ This antioxidant can also
prevent the onset of hepatic encephalopathy and brain edema in mice with acute

liver failure induced by azoxymethane.?®®

Albumin dialysis.

Albumin dialysis with molecular adsorbent recirculating system decreases ammonia,
bilirubin, and creatinine concentrations in the plasma of patients with liver
failure.?°%%"° Interestingly, dialysis has also shown decreased portal pressure in
patients with severe alcoholic hepatitis.>’" Additionally, albumin dialysis decreases

concentration of NO and TNFa, leading to facilitation of HE symptoms.?”2

Minocyclin.

Minocyclin is a semi-synthetic tetracycline, which in addition to anti-microbial activity,
has been demonstrated to have anti-inflammatory effects and can limit activation of
microglia.?”® Minocycline also attenuates production of TNFa in acute liver failure,

thereby lowering oxidative and nitrosative stress in vivo in rat brains.??>?"

1.3 Death receptor-mediated apoptosis and liver.

Apoptosis is programed cell death characterized by cell blebbing, shrinkage,
fragmentation of the nucleus, chromatin condensation, and chromosomal DNA

fragmentation.?”

Apoptosis plays a major role in both liver injury and its subsequent fibrosis. Apoptosis
may occur via two fundamental pathways: extrinsic (induced through death
receptors) or an intrinsic or mitochondrial pathway. Activation of the extrinsic pathway

requires ligation and oligomerisation of death receptors on the cell surface. In
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contrast, the intrinsic pathway is induced by a variety of intracellular stress

responses, e.g., DNA damage, ER stress, or oxidative stress.?”®

1.3.1 CD95.

CD95, or Fas, was the first death receptor to be discovered. Fas was identified using
monoclonal antibodies, which can crosslink Fas and induce cell death by the
induction of apoptosis.?’” Fas has one natural ligand: FasL, which is a
transmembrane protein expressed predominantly by activated T cells and NK
cells.?’® Stimulation with LPS or IFNy leads to significant up-regulation of FasL
expression in Kupffer cells.?’® Fas is expressed by a variety of liver cells, including

hepatocytes, cholangiocytes, and activated HSC. 220281282

Upon ligation, Fas undergo trimerisation, which leads to the recruitment of the
cytoplasmic adaptor protein called Fas associated death domain protein (FADD) and
procaspase 8. The resulting complex is referred to as Death Inducing Signaling

Complex (DISC). 2%

Downstream signaling of DISC differs between different cells types: type | and type Il
cells. In type | cells, formation of DISC leads to the auto-activation of procaspase 8,
thereby converting it into caspase 8. Activated caspase 8 can directly activate
effector caspases such as -3 and -7 and induce mitochondria independent cell
death?. In type Il cells such as hepatocytes, activated caspase 8 cleaves BID
protein, truncated t-BID protein translocate to mitochondria, and induces the release
of Cytochrome ¢.2%°?% Cytosolic cytochrome ¢ interact with apoptotic protease
activating factor 1 (APAF-1) and activate caspase-9; the latter activates effector

caspase 3, which then induces cell death by cleaving multiple substrates.?®” Fas-
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induced apoptosis in type Il cells can be inhibited by overexpression of BCL-2 and

BCL-X, proteins.?®

Role in liver disease.

Inhibition of apoptosis leads to diseases associated with excessive cell growth, e.g.,
hepatocellular carcinoma. On the other side apoptosis of hepatocytes is commonly
associated with acute liver failure, cholestasis, alcoholic hepatitis, and non-alcoholic

steatohepatitis.

Administration of anti-Fas antibodies leads to hepatocyte apoptosis and fulminant

hepatic failure in mice.?®

Down-regulation of Fas has been reported in hepatocellular carcinoma and Fas
expression negatively correlates with the survival of patients.?*® Notably, alcoholic
patients exhibit higher expression of both Fas and FasL in their livers than healthy
humans.?®! Similarly, up-regulation of Fas and FasL expression has been observed

during Wilson disease.?

Incubation of HepG2 cells with fatty acids induces expression of Fas and sensitivity
of cells to Fas-induced apoptosis occurs in a similar manner to NASH.?%° Expression
of Fas in mouse hepatocytes is up-regulated during hepatic steatosis and
consequently, increased sensitivity of hepatocytes to Fas-induced apoptosis is

observed.?

Chronic viral hepatitis, caused by HCV or HBV, activates the Fas-FasL signaling
pathway.?** High levels of FasL are detected in infiltrating T cells in human liver

biopsies and both Fas and FasL are found in hepatocytes during HBV.?%
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1.3.2 TNFa.

Tumor necrosis factor (TNFa) is mainly produced by activated macrophages,
however, activated T cells, DCs, adipocytes, and endothelial cells can also produce
TNFa.2*%7 TNFa is produced as transmembrane protein type Il and can be cleaved
by the metalloprotienase TNFa converting enzyme (TACE), which belongs to the
ADAM family, resulting in a soluble 17kDa form of TNFa.?*® Both membrane-bound

and soluble forms of TNFa demonstrate biological activity.>*

TNFa signals via two receptors: TNFR1(p55/65, CD120a) and TNFR2 (p75/80,
CD120b). Both soluble and membrane-bound forms of TNFa can induce activation of
TNFR1 signaling, however, only membrane-bound TNFa is able to fully activate
TNFR2-dependent signaling.>*° The expression of receptor for TNFa is cell type
dependent, i.e., TNFR1 appear to be ubiquitously expressed while expression of

TNFR2 is restricted to immune cells.*"
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Figure 1.4 Scheme of TNFa signaling through TNFR1.3%

NF-kb activation.

The binding of TNFa to TNFR1 or TNFR2 can cause activation of NF-kB through
different molecular pathways; in addition, activation of TNFR1 can also induce
apoptosis. During activation, TNFR2 recruits TNFR-associated factor 1 (TRAF1) and
TRAF2.%% Upon engagement with TNFa, TNFR1 is translocated to the lipid raft and

the intracellular domain undergoes conformational changes which allows death
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domain (DD) of TNFR1 to recruit TNFR1-associated death domain protein (TRADD)
and further recruit receptor-interacting serine/threonine-protein kinase 1

(RIPK1).304:30°

A complex of TNFR1-TRADD-RIPK1 (Complex 1) in next step recruits TRAF2.%%%%%7
From this point, downstream signaling of the TNFR1-TRADD-RIPK1-TRAF2 complex

and TNFR2-TRAF2 complex becomes similar.

Ubiquitin chains attached to the RIPK1 recruits the IKK complex (IKK-alpha, IKK-
beta, and NEMO) to complex 1.3°® Upon activation, IKK phosphorylates NF-«kB
inhibitor-a (IkBa), which under steady-state conditions, binds to NF-kB and arrests its
activation. Phosphorylated IkBa then dissociates from NF-kB and undergoes
degradation, allowing NF-kB to be translocated into the nucleus and activate

transcription of target genes including expression.®®

Apoptosis.

After activation through TNFR1, RIPK1 can form a complex 2a with TRADD, FADD,
pro-Caspase 8 homodimers and pro-Caspase 8, and FLICE-like inhibitory protein
(FLIP.) heterodimers, or complex 2b, which includes RIPK3 instead of TRADD. Once
complex 2a or 2b is assembled, pro-caspase 8 undergoes autocatalytic cleavage.
These events lead to the release of activated caspase 8 into cytosol and triggering of

the classical apoptosis program.®*"1°

FLIP_is crucial for counterbalancing apoptosis induction by the activation of Nf-kB.>""
Notably, the expression of FLIP_ is up-regulated upon activation of Nf-kB.>"?
Formation of heterodimer FLIP_— caspase-8 can alter substrate specificity from

Caspase 8 and inhibit the formation of caspase-8 homodimers and therefore, auto-

40



activation of caspase 8 and induction of apoptosis. This complex is also important for

cleaving RIP1 and preventing the induction of necrosis.'> *'

Moreover, TNFa can trigger activation of several kinases such as MAPK, MKK4, and
MKK7 and lead to the activation of c-Jun N-terminal kinase (JNK), which prompts

apoptosis.®"

1.3.3 TRAIL

TRAIL is type 2 transmembrane protein belonging to the TNFa family. Originally it
was cloned because of its high homology with TNFa (23% identical) and CD95L

(28% identical).>'®

Functional studies have demonstrated the ability of TRAIL to induce apoptosis in a

variety of cancer cell lines.

In humans, TRAIL interacts with at least four membrane receptors, all of which
belong to the TNFa receptor family: DR4, DRS, DcR1, DcR3, and soluble
osteoprotegerin (OPG).*'® DR4 and DR5 have functional death domains and can
induce apoptosis. DcR1, DcR2, and OPG act as decoy receptors and are able to

block apoptosis when overexpressed.

Ligation of TRAIL to its death receptors causes the trimerisation of the receptor
followed by changes in the conformation of intracellular domains and formation of
death-inducing signaling complex (DISC). DISC includes FADD and pro-caspase 8
molecules and the formation of DISC leads to auto-activation of caspase 8 and

classical apoptosis program.

Importantly, TRAIL does not induce apoptosis in most primary cells including primary

hepatocytes in physiological conditions.*' However, transformed hepatocytes
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undergo apoptosis after treatment with TRAIL and different factors can sensitize

hepatocytes to TRAIL, e.g., viral infections, bile acids, and fatty acids.?'819320

TRAIL-deficient mice and mice treated with TRAIL receptor 2 blocking antibodies are

protected against Con-A-induced liver damage.>*’

It has also been shown that TRAIL deficiency leads to reduced levels of
aminotransferases during L. monocytogenes infection, reduced amounts of apoptotic
322

hepatocytes, and improved survival compared with wild-type animals.

TRAIL expression is up-regulated by 6-folds during bile duct ligation in mice.** In

animals, expression of TRAIL leads to enhanced hepatocytes apoptosis, fibrosis, and
decreased survival. In the mouse BDL model, TRAIL is mainly expressed by hepatic
NK and NKT cells and therefore, depletion of these cells significantly down-regulates

expression of hepatic TRAIL.>%?

Analysis of HBV-infected patients has revealed increased expression of TRAIL death
receptors by infected hepatocytes and increased amounts of activated NK cells,

producing TRAIL in the liver of infected individuals.>%*

Fatty acids can sensitize hepatocytes to TRAIL-induced death, making TRAIL one of

the pathogenic factors involved in nonalcoholic fatty liver disease.*'
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Aim of the study

Hepatic encephalopathy is a neurological complication frequently observed during
acute or chronic liver injury. The main factor triggering HE is ammonia. For a long
time, the importance of hepatic glutamine synthetase in the maintenance of ammonia
homeostasis and onset of hepatic encephalopathy was discussed. Hepatic glutamine
synthetase is one of pathways involved in ammonia detoxification, nitration and the
inhibition of enzymatic activity of hepatic glutamine synthetase during HE has also
been reported. However, the importance of hepatic glutamine synthetase in ammonia

homeostasis remains unclear due to the low enzymatic capacity of GS.

Pro-inflammatory cytokines are acknowledged as one of precipitating factors during
hepatic encephalopathy. Particularly, concentrations of TNFa correlate with the
severity of hepatic encephalopathy. However, the detailed role and molecular

mechanism of action of TNFa’s action during HE is still unclear.

The aim of the present research is to analyze the role of the hepatic glutamine
synthetase and TNFa in the maintenance of ammonia homeostasis in vivo and in

pathogenesis of hepatic encephalopathy.
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2.1 Materials

2.1.1 Instruments

Instrument Details

Centrifuge (Eppi)

Centrifuge

ECL Developer Curix 60

ELISA plate 96-well
ELISA-Reader

Amersham Hyperfilm ECL
Cell-Observer (Microscope)
Freezer -20°C

Freezer -80°C

Fume hood

Gel chamber Novex Mini Cell
Heating block Thermostat 5320
Pasteur Pipettes

Immersol

Incubator

Microscope, convex

Nanodrop ND-1000

Nitrocellulose membrane
NuPAGE 4-12% Bis-Tris Gel
Pipetboy

Pipettes 1000 pL, 200 uL, 20 uL, 10 pyL
Plastic Pipettes 5 ml, 10 ml, 25 m|
Power supply power pack 200
Vaccum Pump

Reaction vessels 0.2 ml, 1.5 ml, 2 m|
Roller Mixer

Shaker (rocking shaker)

Sterile Bench

Steril filter-bottle

Manufacture
Eppendorf
Themo Fisher
AGFA

Nunc

Thermo Fisher
GE Healthcare
Zeiss

Samsung
Thermo Fisher
Vinitex

Thermo Fisher
Eppendorf
Welabo

Zeiss

Thermo Fisher
VWR International GmbH
Peqlab

GE Healthcare
Thermo Fisher
VWR International GmbH
Brand

Costar

BioRad

Welch
Eppendorf
Progen Scientific
Edmund Buhler
Welabo

Nalgene
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Test tubes

Tips 1000 pl, 200 pl, 20 pl
Tissue

Tubes, 15 ml, 50ml
Vortex

Waterbath

Whatman Paper
Ammonia checker Il

VWR International GmbH
Star Lab

Wep

BD Falcon

Scientific Industries
Medingen

GE Healthcare

Arkray
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2.1.2 Chemicals

Chemicals

Ammonia acetate

2N sulfuric acid

Bradford reagent
Bumetanide

BSA

Dimethylsulfoxide

EDTA

Ethanol

Sample Buffer x4

Sodium chloride

Super Signal Western Blot Enhancer
Recombinant mouse TNFa
Tween®-20

TX-100
B-Mercaptoethanol

Fetal Bovine Serum
Formaldehyde

Glycerol

Methanol

NuPage MOPS Buffer
PBS Powder

Protease Inhibitor cocktail

Protein marker

Manufactures
Sigma-Aldrich
VWR

Bio-Rad
Sigma-Aldrich
GE Healthcare
Sigma

Merck KGaA
VWR

life technologies
Merck KGaA
Thermo Scientific
R&D Systems
Merck KGaA
Roth

Sigma
Biochrome
Sigma

Merck

VWR

Invitrogen
Panbiotech
Sigma

life technologies
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2.2 Methods

The Method section was adapted from the published manuscripts:

Hyperammonemia in gene-targeted mice lacking functional hepatic glutamine

synthetase

Natalia Qvartskhava, Philipp A. Lang, Boris Gorg, Vitaly |. Pozdeev, Marina
Pascual Ortiz, Karl S. Lang, Hans J. Bidmon, Elisabeth Lang, Christina B.
Leibrock, Diran Herebian, Johannes G. Bode, Florian Lang, and Dieter

Haussinger

Proc Natl Acad Sci U S A. 2015 Apr 28;112(17):5521-6. doi:
10.1073/pnas.1423968112.

TNFa induced up-regulation of Na+, K+ ,2CI- cotransporter NKCC1 in hepatic

ammonia clearance and cerebral ammonia toxicity

Vitaly Pozdeev, Elisabeth Lang, Boris Gorg, Hans Bidmon, Prashant Shinde,
Gerald Kircheis, Diran Herebian, Klaus Pfeffer, Florian Lang, Dieter Haussinger,

Karl S. Lang, and Philipp A. Lang

Sci Rep. 2017 Aug 11;7(1):7938. doi: 10.1038/s41598-017-07640-8.

Animals.

Tnfa ", Tnfrsf1b ™~ mice were purchased from Jackson Laboratories. Tnfrsfla 7~

were previously described.?’ Gene-targeted mice lacking functional hepatic GS were
generated by inserting a loxP site, together with a flip-recombinase target flanked

neomycin resistance cassette. Resulting mice were crossed with deleter mice
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lfl/ﬂ

expressing the flippase recombinase to remove the resistance cassette. Glul”" mice

were backcrossed to C57BL/6J background more than 10 times. Next, mice were
crossed to a mouse expressing the Cre recombinase under the albumin promotor’®,
resulting in liver-specific deletion of GS. Animals appeared viable and fertile, and
showed no signs of distress. Animals were kept under specific pathogen-free
conditions. Age- and sex-matched animals weighing over 20 g were used for
experiments. Most experiments were carried out with littermate controls of mice aged
between 8 and 12 wk. For determination of locomotor activity, animals between 3 and
75 wk of age were transferred into a light barrierequipped cage monitored by a
computer system (ActiMot/MoTil; TSESystems). Animals were allowed to adapt to
the new environment for 24 h prior to starting the measurement for another 24 h. For
ammonia challenge animals were injected with 12 mmol/kg or 14 mmol/kg body
weight ammonium acetate (Sigma-Aldrich, Deisenhofen, Germany) followed by
monitoring of the animals over time, normalization of reflexes and spontaneous
movements were considered as recovery from coma. 30 mg/kg of bumetanide or
control vehicle was administrated intraperitoneally 5 minutes prior to injection of

14 mmol/kg body weight ammonium acetate. 200 ng of TNFa (RandD systems, UK)
was administrated intravenously; D-Gal was injected i.p. 15 minutes prior to TNFa. All
animal experiments were reviewed and approved by the appropriate authorities, and
were performed in accordance with the German animal protection law (Landesamt fur

Natur, Umwelt und Verbraucherschutz Recklinghausen, Regierungsprasidium

Tldbingen, Tierveruchsanlage Dusseldorf).

Genotyping.

Genotyping of mice was performed by PCR assay on DNA isolated from mouse talil

using a commercial kit (DNeasy Blood & Tissue Kit; Qiagen). PCR amplification was
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performed with 1 pg of purified DNA on a PTC200 Gradient Cycler (MJ Research)
using the following PCR settings: 33 cycles, 3 min of denaturation at 94 °C, 60 s of
annealing at 60 °C, and 60 s of extension at 72 °C. The following primer pairs were
used: GS-forward (for): 5-GCT TAG GAT GGG TTA CTC TTC CAA GG-3' and GS-
reverse (rev): 5-ATC ATC ATC TCC CTT CTC CCA TTC C-3', and albumin
promoter-controlled Cre recombinase gene (Alb-Cre) for: 5'-CTG TCA CTT GGT
CGT GGC AGC-3' and Alb-Cre rev: GTC CAA TTT ACT GAC CGT ACA-3". PCR
products were visualized on a 1.5% (wt/vol) ethidium bromidecontaining agarose gel

using a gel documenter (Vilbert Lourmat).

O-Maze.

A 5.5-cm-wide annular runway was constructed using gray PVC. It had an outer
diameter of 46 cm and was placed 40 cm above the floor. The two opposing 90°
closed sectors were protected by 11-cm-high inner and outer walls of gray PVC,
whereas the remaining two open sectors had a border of 5 mm. Animals were
released in one of the closed sectors and observed for 10 min. Mice were allowed to
adapt to the new environment before they advanced onto an unprotected runway.
Time spent in protected and unprotected zones and number of transitions between

the areas were assessed.

Tissue Sampling.

Brain tissue was prepared from the cerebellum, hippocampus, and cerebral cortex.
The cerebral cortex was further dissected into somatosensory and piriform cortical
areas, which can be separated accurately due to visible morphological
characteristics. For this procedure, the forebrain hemisphere was placed in ice-cold

PBS (pH 7.2, spiked with frozen pellets of saline) in a Petri dish under a dissecting

49



microscope (Olympus SZX 10). While holding the hemisphere at the remaining
brainstem, the forebrain was cut in several frontal slices, and the desired brain
regions were microdissected from these slices according to Hof et al.*?® The
dissected cortical regions were sampled in precooled Eppendorf cups and frozen in
liquid nitrogen until further processing. For measuring GS expression in muscle

tissue, we dissected the ischiocrural and anterior thigh muscle bellies.

Slice Preparation for Immunofluorescence Analysis.

For immunofluorescence analysis of liver and brain tissue, animals were killed by i.p.
injection of pentobarbital (70 mg/kg) and perfused with 20 mL of physiological saline,
followed by perfusion with 250 mL of buffered paraformaldehyde [4% (wt/vol), pH 7.2,
4—6 °C] or Zamboni'’s fixative [4% (wt/vol) paraformaldehyde and 15% (vol/vol)
saturated picric acid in 0.1 M PBS, pH 7.2, 4—6 °C]. Tissue was immediately
dissected, submerged in 20% (wt/vol) sucrose in PBS (24 h at 4 °C) until complete
saturation, and finally frozen in precooled 2-methylbutane (Sigma—Aldrich) at -40 °C

before being sliced into 50-um-thick sections on a cryotome (Frigomobil; Leica).

Immunofluorescence Analysis.

For immunofluorescence of mouse brain or liver, the following primary antibodies
were used for immunostaining: anti-NKCC1 (rabbit, polyclonal; Cell signaling), 8-
OH(d)G (mouse, monoclonal; QED Bioscience), GFAP (rabbit, polyclonal; Sigma—
Aldrich), GS (mouse, monoclonal; BD Biosciences), Iba1 (rabbit, polyclonal; WAKO
Chemicals GmbH), rhesus family B glycoprotein (goat, polyclonal; Abcam), ornithine
aminotransferase (rabbit, polyclonal; Abcam), or calbindin 28k (Sigma—Aldrich),

GLT1 (rabbit polyclonal, Abcam). All antibodies, except anticalbindin (1:10,000), were

diluted 1:500 in PBS containing 0.1% saponin (Sigma—Aldrich) and 2% goat serum
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(Vector Laboratories) or 5% (wt/vol) BSA. Primary antibodies were labeled with
fluorochrome-coupled anti-mouse or anti-goat Cy3 and anti-rabbit FITC antibodies
(1:500). Brain slices were incubated in antibody solution for 2 d at 4 °C under gentle
agitation, followed by repeated washing with PBS, and were finally mounted on
microscope slides using Fluoromount-G (Southern Biotech). Confocal laser scanning
microscopy was performed using an LSM510meta microscope (Zeiss). Wide-field
fluorescence microscopy was performed using a Cell Observer Z1 microscope

(Zeiss).

Histochemistry.

For H&E staining, cryofixed liver slices (7 um) were treated twice with xylol, each for
10 min, followed by three consecutive incubations in ethanol [100% (vol/vol), 90%
(vol/vol), and 70% (vol/vol), respectively]. Slices were stained using Haematoxylin
Solution Gill Nr. 3 (Sigma—Aldrich) for 1.5 min. After staining, slices were briefly
washed in HCI (0.1% for 20 s) followed by water (10 min). Slices were then stained
with Eosin Y solution (Sigma-Aldrich) for 3 min and briefly washed with water.
Finally, slices were incubated consecutively in ethanol [70% (vol/vol), 90% (vol/vol),
and 100% (vol/vol); each for 3 min] and xylol (5 min) and mounted using

Fluoromount-G mounting media.

Video-Tracking.

For data acquisition, animals were video-tracked by a 302050-SW-KIT-2-CAM
camera (TSE-Systems) at a resolution of 0.62—0.72 pixel and analyzed using the

tracking software VideoMot2 (TSE-Systems).
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Western Blot Analysis.

For protein analysis, brain or liver samples were homogenized with a pestle-
homogenizer using 10 mmol/L Tris-HCI buffer (pH 7.4) containing 1% Triton X-100,
150 mmol/L NaCl, 10 mmol/L Na4P207, 1 mmol/L EDTA, 20 mmol/L NaF, 1 mmol/L
sodium vanadate, 20 mmol/L B-glycerophosphate, and protease inhibitor mixture
(Boehringer Mannheim). The lysates were centrifuged at 20,000 x g at 4 °C. Protein
concentration of the supernatant was determined by Bradford assay (BioRad). For
SDS gel electrophoresis and Western blot analysis, the supernatant was added to an
identical volume of 2x gel-loading buffer containing 200 mmol/L DTT (pH 6.8). After
heating at 95 °C for 5 min, the protein samples were subjected to gel electrophoresis
(150-170 mg of protein per lane, 10% gels). Following electrophoresis, gels were
equilibrated with transfer buffer [39 mmol/L glycine, 48 mmol/L Tris-HCI, 0.03% SDS,
20% (vol/vol) methanol]. Proteins were transferred to nitrocellulose membranes using
a semidry transfer apparatus (Pharmacia). After the membrane was blocked with 5%
(wt/vol) BSA in TBST [20 mmol/L Tris-HCI (pH 7.5) containing 150 mmol/L NaCl and
0.1% Tween 20], the membrane was incubated with the indicated primary antibody
(3"-nitrotyrosine monoclonal and GS monoclonal, 1:5,000; anti-NKCC1 1:1000; HRP-
conjugated anti-B-ACTIN 1:2000; GAPDH, 1:10,000) followed by a secondary HRP-
coupled antibody (1:5000 or 1:10,000). Finally, blots were washed with Tris-buffered
saline and developed using Western-Lightning Chemiluminescence Reagent Plus
(PerkinElmer). Densitometric analysis was performed with the Kodak Image Station

4400, using Kodak Molecular Imaging software.
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Northwestern Blot Analysis.

Blood-free perfused and frozen brain tissue was homogenized with a pestle-
homogenizer using lysis buffer from an RNeasy Mini Kit (Qiagen). Total RNA was
purified from mice brain areas according to the manufacturer’s protocol. RNA
concentration was estimated using a NanoDrop spectrophotometer. Northwestern
blot analysis was performed using formaldehyde [2% (vol/vol)] containing agarose
(0.8%) gels loaded with 1—-2 mg of isolated total RNA. After electrophoresis, the RNA
1 of 4 was transferred overnight to a nitrocellulose membrane (Schleicher & Schuell)
by capillary transfer. The gel was then soaked for 15 min in freshly prepared 50
mmol/L NaOH, followed by washing for 5 min in diethylpyrocarbonate-treated water
before incubating the gel for 45 min in 20x SSC transfer buffer [3 M sodium acetate,
0.3 M sodium citrate (pH 7.0)]. At the end of the transfer, the membrane was baked
for 2 h at 70 °C. To control the loading of RNA transfer, the membrane was stained
with methylene blue solution [0.2% methylene blue in 0.3 mmol/L NaAc (pH 5.5)]. For
detection of 8-OH(d)G immunoreactivity, the membrane was blocked in 5% (wt/vol)
BSA solubilized in 20 mmol/L Tris-HCI (pH 7.5) containing 150 mmol/L NaCl and
0.1% Tween 20, and then incubated for 2 h with the anti—-8-OH(d)G antibody
(1:5,000) at room temperature after washing and incubation with HRP-coupled anti-
mouse IgG antibody diluted 1:10,000 at room temperature for 2 h. Blots were
developed and analyzed by densitometry on the Kodak Image Station 4400 as

described above.

Real-Time PCR.

Total RNA was isolated using an RNA extraction kit (Qiagen). The cDNA was

generated using a QuantiTect Reverse Transcription Kit (Qiagen). Quantitative real-
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time PCR analysis was accomplished in 40 cycles on an AB7500 Sequence
Detection System (Applied Biosystems) using SYBR Green as a reporter dye. Real-
time PCR was performed using the following primer sequences (MWG Biotech):
argininosuccinate lyase (ASL) rev: 5-CCA GTG GCT ACT TGG AGG ACA G-3'and
ASL for: 5'-CC TCA AGG GAC TTC CAA GCA C-3', carbamoyl phosphate
synthetase 1 (CPS-1) rev: 5'-GAT ACT GGA GAC AGC ACA CCA ATC-3' and CPS-
1 for: 5'-TAT GTT ACC TAC AAT GGC CAG GAG-3', ornithine transcarbamylase
(OTC) rev: 5-TAAGGA TTT CCC TTG CAA TAA AGG-3"and OTC for: 5-CCA GAG
TCA AGT ACA GCT GAA AGG-3', succinate dehydrogenase complex subunit A
(SDHA) rev: 5-GTG GGA ATC CCA CCC ATG T-3' and SDHA for: 5-CTT CGC TGG
TGT GGA TGT CA-3'. and SDHA for: 5'-CTT CGC TGG TGT GGA TGT CA-3', Iba1
for: 5-GTC CTT GAA GCG AAT GCT GG-3' and Iba1 rev: 5'-CAT TCT CAA GAT
GGC AGA TC-3', and CD14 for: 5-GGC GCT CCG AGT TGT GAC T-3'and CD14
rev: 5-TAC CTG CTT CAG CCC AGT GA-3'. Data were produced in duplicate for
each gene. Target gene mRNA expression levels were normalized to mMRNA
expression levels of SDHA, which served as a housekeeping gene. Gene expression
of B-actin, Aqp4, Agp8, Aqp9 was performed using FAM/VIC probes from Applied

Biosystem.

GS Activity Assay.

For measuring GS activity, aliquots of 100 uL of tissue homogenate were incubated
with 900 uL of reaction mixture at 37 °C. The reaction mixture contained 60 mmol/L
L-GlIn, 15 mmol/L hydroxylamine-HCI, 20 mmol/L Na-arsenite, 0.4 mmol/L adenosine
diphosphate, 3 mmol/L MnCI2, and 60 mmol/L imidazol-HCI buffer (pH 6.8) in a final
volume of 1 mL. The reaction was initiated at 37 °C and terminated by the addition of

1 mL of stop-solution containing 0.2 mol/L trichloroacetic acid, 0.67 mol/L HCI, and
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0.37 mol/L FeClI3. The solution was cleared of protein by centrifugation at 20,000 x g
at 4 °C, and the formed glutamyl hydroxamate was measured photometrically in the

supernatant at 500 nm.

Serum Liver Enzyme Activity.

Activity of Ala aminotransferase and Asp aminotransferase was measured in serum
using a serum multiple biochemical analyzer (Ektachem DTSCII; Johnson &

Johnson).

Quantification of Urea Nitrogen in Serum and Urine.

Urea nitrogen was quantified using a Spotchem analyzer (Axonlab). Serum samples

were prediluted 1:5 and urine samples were prediluted 1:50 in PBS (Panbiotech).

Blood and cerebrospinal fluid ammonia measurement
Ammonia was measured within 3 min after blood sampling from the right heart
ventricle or retro-orbital venous sinus or cerebrospinal fluid from the brain using an

Ammonia Checker Il (Daiichi Kagaku Co. Ltd).

Statistical analysis

Data are expressed as mean + S.E.M. Statistical significant differences between two
different groups were analyzed using students t test. Statistical differences between
several groups were tested using one-way ANOVA with additional Bonferroni or
Dunnett’s post-tests. Statistically significant differences between groups in
experiments involving more than one time point were calculated using two-way
ANOVA (repeated measurements). Only results with P < 0.05 were considered

statistically significant.
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3. Results

3.1. Hyperammonemia in gene-targeted mice lacking functional hepatic glutamine

synthetase

Natalia Qvartskhava*, Philipp A. Lang*, Boris Gorg, Vitaly |. Pozdeev, Marina

Pascual Ortiz, Karl S. Lang, Hans J. Bidmon, Elisabeth Lang, Christina B.
Leibrock, Diran Herebian, Johannes G. Bode, Florian Lang, and Dieter

Haussinger

Proc Natl Acad Sci U S A. 2015 Apr 28;112(17):5521-6. doi:
10.1073/pnas.1423968112.
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Effect of deletion of hepatic glutamine synthetase on the liver architecture,

zonation, and ammonia levels in the blood.

Hepatic glutamine synthetase (GS) is one of two hepatic pathways involved in the
detoxification of ammonia. Hepatic GS activity can be reduced during liver
damage.*?"*' Because the urea cycle demonstrates a high ability to metabolize
ammonia to urea, the role of hepatic glutamine synthetase in the regulation of
ammonia levels during liver damage remains unclear. To investigate the role of GS,

we created conditional knockout mice lacking GS in the liver. We crossed mice

Ifl/fl

expressing Cre recombinase under albumin promoter (Alb-Cre) with Glul™" mice

Ifl/fl

(Figure 3.1 A). As expected, GS was expressed in livers of the Glul"" mice in the

absence of Cre recombinase but GS expression was abolished in livers of Glul™ x
Alb-Cre” mice (Figure 3.1 B, C). Expression of GS in the brain or muscles was not
affected (Figure 3.1 D, E). Next, we measured enzymatic activity of GS in liver

tissues of Glu™ mice and Glul™ x Alb-Cre* mice. GS activity was dramatically

Ifl/fl Ifl/fl

reduced in the livers of Glul"™" x Alb-Cre™ mice compared with Glul”" mice (Figure 3.1

F). Some residual GS activity was still present in the livers of Glul"" x Alb-Cre* mice,

probably due to the GS activity in non-parenchymal cells.??®
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Figure 3.1 Organ-specific deletion of GS in the Glul"" x Alb-Cre* mice.

(A) Gene-targeted mice lacking functional hepatic GS were generated as described
in Materials and Methods. (B) GS and GAPDH expression in liver tissue from Glul/™ x
Alb-Cre*, Alb-Cre* and Glul™ mice is shown using Western blot analysis. One
representative of n = 3 is shown. (C) Snap-frozen sections from liver tissue harvested
from Alb-Cre*, Glul” and Glul" x Alb-Cre* mice were stained with anti-GS (green)
and F-actin (red) antibodies. One representative of n = 3 is shown. (Scale bar: 200
pum.) (D, Left) Western blot analysis for GS and GAPDH on protein samples obtained
from brain tissue from Glul™ x Alb-Cre*, Alb-Cre*, and Glul™ mice was performed.
(D, Right) GS expression and GAPDH expression were assessed in muscle tissue of
Glul™ x Alb-Cre* and Glul™ mice by Western blot analysis. One representative of n =
3 is shown. (E) Immunostaining of snap-frozen sections from brain tissue harvested
from Alb-Cre*, Glul" and Glul" x Alb-Cre* mice with an anti-GS antibody (green)
and Hoechst 34580 (blue) was performed. One representative of n = 3 is shown.

Ifl/ﬂ

(Scale bar: 50 ym.) (F) GS activity was assessed in liver tissue harvested from Glu

and Glu™ x Alb-Cre* mice (n = 3-7, respectively).
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We observed no difference in liver architecture between Giu™ and Glul™ x Alb-Cre*
mice on the histological slides of snap-frozen sections (Figure 3.2 A). Additionally, we
observed no significant difference in the activity of ALT and AST in the serum of
Glu™ and Glul™ x Alb-Cre* mice, indicating that deletion of the hepatic GS did not
cause additional liver damage (Figure 3.2 B). Deletion of GS in the perivenous
hepatocytes did not affect expression of Ornitine aminotransferase (OAT-1) and
Rhesus family B glycoprotein (RhBg) (Figure 3.2 C,D), which are expressed in the
perivenous area.*?**3*° These data suggest that deletion of hepatic GS did not affect
liver zonation. However, highly up-regulated concentration of ammonia in the blood of

Glul™ x Alb-Cre* mice was detected (Figure 3.2E).
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Figure 3.2 Intact liver architecture/zonation and elevated systemic ammonia levels by

liver-specific deletion of GS.

(A) Representative H&E-stained sections of snap-frozen liver tissue obtained from
Glul™ x Alb-Cre* and Glul™ mice of n = 3 is shown. (Scale bar: 100 pm.) (B) Asp
aminotransferase (AST) and Ala aminotransferase (ALT) activity was determined in
the serum of Glul™ (n = 10) and Glul" x Alb-Cre* mice (n = 12). n.s., not statistically
significantly different. (C) Immunofluorescence analyses of snap-frozen liver tissue
from Glul™ x Alb-Cre* (Lower) and Glul™ (Upper) mice were performed for GS (red),
ornithine aminotransferase (OAT; green), and Hoechst 34580 (blue). One
representative set of images of n = 3 is shown. (Scale bar: 20 um.) (D)
Immunofluorescence analyses of snap-frozen liver tissue from Glul"" x Alb-Cre*
(Right) and Glul™ (Left) mice were performed for ammonia transporter Rh family B
glycoprotein (RhBG; red) and Hoechst 34580 (gray). One representative set of
images of n=3 (Glu") and n = 4 (Glu™" x Alb-Cre*) is shown. (Scale bar: 200 pm.)
(E) Ammonia levels were assessed in blood samples collected by cardiac puncture
from 8- to 9-wk-old Glul"" x Alb-Cre* mice and Glul™ mice (Left, n = 7-8,

respectively) and from 12- to 14-month-old animals (Right, n = 3).
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Increase in blood ammonia was probably not due to the urea cycle defect as
expression of genes coding urea cycle enzymes was not different between WT and
Glul™ x Alb-Cre* (Figure 3.3 A). Moreover, serum urea nitrogen and serum GIn, Glu,
and Ala concentrations were similar between WT and Glul" x Alb-Cre* (Figure 3.3 B,
C). Taken together, these data show that deletion of hepatic GS does not alter liver

architecture, but leads to the upregulation of ammonia concentration in the blood.
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Figure 3.3 GS is dispensable for the functional urea cycle.

(A) Real-time PCR analyses of liver tissue harvested from Glul™ and Glul™ x Alb-
Cre” mice of OTC (Left, n = 8-9), ASL (Middle, n = 8-12), and CPS-1 (Right, n = 8—

I"" and

9) were performed. (B) Urea nitrogen concentration was determined in Glu
Glu™ x Alb-Cre* mice: serum samples (Left, n = 12—14) and urine samples (Right, n
= 7-9) from Glu™ and Glul™ x Alb-Cre* mice, respectively. (C) Serum GIn
concentrations (Left), Glu concentrations (Middle), and Ala concentrations (Right)

were assessed in Glul” and Glul™ x Alb-Cre* mice (n = 11-13), respectively. n.s.,

not statistically significantly different.
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Liver-Specific GS deficiency triggers RNA oxidation in mouse brain

Both ammonia intoxication and hepatic encephalopathy are associated with oxidative
stress and RNA oxidation in the brain tissue.”'®*"®

" xAlb-Cre* mice, we

Using immunofluorescence staining of brains from WT and Glu
analysed whether RNA oxidation was happening in brain tissue of Glul”" xAlb-Cre*

mice. Strong induction of RNA oxidation in Glul™” xAlb-Cre* mice was observed in the
cerebellum, hippocampus, and somatosensory cortex (Figure 3.4 A—C) but not in the

piriform cortex (Figure 3.4 D). These results were also confirmed by Northwestern

blotting (Figure 3.4 E and Fig. 3.5).
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Figure 3.4 Liver-specific deletion of GS induces RNA oxidation in mouse brain.

(A-D) Survey of 8-OH(d)G immunoreactivity in brain tissue from Glu™ (Left) and
Glul™ x Alb-Cre* (Right) mice is presented in the absence (Lower) or presence
(Upper) of costaining with GFAP (green) and Hoechst 34580 (blue). One
representative of the cerebellum (A), hippocampus (B), somatosensory cortex (C),
and piriform cortex (D) of n = 5 is demonstrated. (Scale bars: A, 100 ym; B-D, 200
Mm.) (E) Samples harvested from brain sections (from left to right: cerebellum,
hippocampus, somatosensory cortex, and piriform cortex) of Glul”" and Glul"™ x Alb-
Cre* mice were tested for RNA oxidation expression using Northwestern blotting [n =
6 for Glul" mice, n = 9 (cerebellum, hippocampus, and piriform cortex) and n = 10

(somatosensory cortex) for Glul™" x Alb-Cre* mice].

67



Cerebellum

Hippocampus

Somatosensory

Cortex

285>
ke ' . - l 185 >
185>

285+
185>

- - -
.

- -

WT KO

WT

Piriform
Cortex

285> | == - -

18s-»

Figure 3.5 Hepatic GS KO triggers RNA oxidation in brain tissue.

Samples harvested from different brain regions of WT and Glu/" x Alb-Cre* mice

were tested for RNA oxidation expression using Northwestern blotting.

Representative blots are presented for the cerebellum (A), hippocampus (B),

somatosensory cortex (C), and piriform cortex (D).
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Treatment of brain slices with RNase abolished RNA oxidation signal, proving that
the oxidation was specific for the RNA (Figure 3.6). Interestingly, high levels of
oxidation were observed in the Purkinje cells(Figure 3.7), which are important for
controlling motor coordination.®®' Taken together, these data show that specific
deletion of hepatic glutamine synthetase results in increased ammonia levels

followed by biochemical changes in the brain tissue of mice.
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Figure 3.6 Specificity control for the 8-OH(d)G antibody.

A survey of 8-OH(d)G immunoreactivity in brain tissue from Glul™ x Alb-Cre* mice is
presented in the absence (Left) or presence (Right) of RNase (one representative of

n=3 is shown). (Scale bar: 50um.)
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Figure 3.7 Liver-specific deletion of GS induces RNA oxidation in cerebellar Purkinje

cells.

Survey of 8-OH(d)G immunoreactivity in mouse cerebellum from WT (Left) and
Glul"™ x Alb-Cre* (Right) mice is presented in the absence (Lower) or presence
(Upper) of costaining with calbindin (green) and Hoechst 34580 (blue). One

representative of n=3 is demonstrated. (Scale bar: 50um.)
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Glul™ x Alb-Cre* mice demonstrate no activation of microglia.

Activation of microglia has been observed in the brains of rats during
hyperammonemia and in post-mortem brain samples from humans with liver cirrhosis
and HE.?*%??" Activated microglia is also known to produce pro-inflammatory
cytokines.**? However, in the cerebral cortex of Glul™" x Alb-Cre* mice compared with
WT, expression of microglia activation marker ionized calcium-binding adaptor
protein 1 (Iba1) and microglia morphology were not altered (Figure 3.8 A).
Expression of genes coding Iba1 and CD14 were unchanged (Figure 3.8 B) and
expression of the mRNA of pro-inflammatory cytokines IL-1p3, IL-6, and TNFa in the

Ifl/fl

cerebral cortex of Glul"" xAlb-Cre” mice was not altered (Figure 3.8 C).
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Figure 3.8 Microglia activation marker and proinflammatory cytokine mRNA

|f|/f|

expression in the cerebral cortex of WT and Glul™" x Alb-Cre™ mice.

(A) Detection of Iba1 in mouse cerebral cortex by wide-field fluorescence
microscopy. One representative immunofluorescence analysis of three is shown.
(Scale bars: 200 um; Inset, 20 yum.) MRNA expression levels in mouse cerebral
cortex by RT-PCR of Iba1 and CD14 (B, n = 3) or IL-1B, I-L6, or TNF-a (C, n = 8 for
Glul ™ mice and n = 6 of for Glul™ x Alb-Cre* mice) are shown. mRNA expression
levels of Iba1, CD14, IL-1B, IL-6, or TNF-a were normalized to succinate

dehydrogenase complex subunit A (SDHA) mRNA levels.
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Consequently, we observed no difference in the protein expression of CD14, Iba1, IL-
1B, IL-6, and TNFa in the cerebral cortex of WT and Glul™ x Alb-Cre* mice (Figure
3.9 A, B). These data suggest that systemic hyperammonemia in Glul™ x Alb-Cre*
mice is not associated with microglia activation or increased production of pro-

inflammatory cytokines in the cerebral cortex.
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Figure 3.9 Microglia activation marker and proinflammatory cytokine protein

expression in the cerebral cortex of WT and Glul™ x Alb-Cre*mice.

Detection of microglia activation markers Iba1 and CD14 (A) or proinflammatory
cytokines IL-18, IL-6, or TNF-a (B) protein levels in mouse cerebral cortex by
Western blot analysis is shown. Recombinant mouse TNF-a (Upper, rTNF-a), bone
marrow-derived dendritic cells [LPS (30 ng/mL, 3 h)-treated] (Middle, BMDC), or
bone marrow-derived mouse macrophages [LPS (10 ng/mL, 24 h)-treated] (Lower,
BMDM) was used as a positive control. GAPDH served as a loading control (n = 3 for

Glul"™ and n = 5 for Glul™ x Alb-Cre* mice)
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Glul™ Alb-Cre* mice demonstrate behavioral abnormalities.

Hyperammonema can trigger behavioural changes in patients.’”® We investigated

" x Alb-Cre* mice can cause behavioral

whether hyperammonemia in Glu
abnormalities compared with WT. When light barrier cages were used to monitor
activity and distance travelled, we observed increased activity of Glu™" x Alb-Cre*
mice and consequently, longer distances were travelled by Glul"" x Alb-Cre* mice
compared with WT mice (Figure 3.10 A, B). Moreover, during the o-maze test, Glul/™"
x Alb-Cre™ mice spent significantly more time in the open arms compared with WT

mice, also Glul™ x Alb-Cre* mice spent significantly less time in the closed arms

compared with WT mice. (Figure 3.10 C, D)

When we monitored animals over a prolonged period of time, we observed a slight
reduction of lifespan of Glul"" x Alb-Cre* mice compared with Glul" mice. (Figure

3.11)
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Figure 3.10 Glul"™x Alb-Cre* mice show behavioral abnormalities compared with WT

mice.

(A and B) Glul"™ and Glul™ xAlb-Cre* mice were transferred into a light barrier-
equipped cage and allowed to adapt to the new environment for 24 h prior to starting
the measurement. Total activity time (Left, n = 22 for Glul"™ mice and n = 23 for
Glul™ x Alb-Cre* mice) and counts (Right, n = 23 for Glul”" mice and n = 24 for Glu/™”
x Alb-Cre* mice) (A) and distance travelled (n = 21 for Glu” mice and n = 22 for
Glu™ x Alb-Cre* mice) (B) were determined after 24 h. Animals were monitored
using the O-Maze test. Time (Left) and visits (Right) in the open arms (C) and time
(Left) and visits (Right) in the closed arms (D) are presented (n = 10 for Glul™ mice

and n = 11 for Glul"" x Alb-Cre* mice).
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Figure 3.11 Glul™ x Alb-Cre* mice exhibit a slightly reduced life span compared with

Glul™ mice.

Kaplan—Meier curve of Glul"" (e) and Glul™ x Alb-Cre* (o) mice is shown over time

(starting with n = 246-256; P < 0.05 using the Mantel-Cox test)

Taken together, these data demonstrate that deletion of hepatic glutamine
synthetase leads to systemic hyperammonemia, phenotypical changes in brain
tissues followed by behavioral abnormalities, and shortening of the life span of

animals.
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3.2. TNFa induced up-regulation of Na+, K+ ,2CI- cotransporter NKCC1 in hepatic

ammonia clearance and cerebral ammonia toxicity
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Results
TNFa knockout mice demonstrate decreased expression of hepatic Cps-7 and

increased levels of ammonia in the blood.

Ammonia levels in the blood are known to correlate with TNFa concentrations in the
blood during hepatic encephalopathy®*®. Surprisingly, Tnfa” mice demonstrate
elevated ammonia concentrations in central as well as peripheral blood (Figure 3.12
A, B). TNFa is known to induce signal through TNFR1 and TNFR2.%'° Our data
revealed that an increase in ammonia appears to be dependent on both TNFR1 and
TNFR2 signaling. In addition, Tnfrsfla” and Tnfrsf1b” mice demonstrated normal
levels of ammonia in the blood but only Tnfrsf1a” Tnfrsf1b” double knockout mice

demonstrated elevated ammonia concentrations in peripheral blood (Figure 3.12 B).
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Figure 3.12 Hyperammonia in TNFa- and TNFR1/TNFR2-deficient animals.

(A) Ammonia levels were measured in blood samples harvested by cardiac puncture
n=4) of WT and Tnfa” mice. (B) Ammonia levels were measured in blood samples
harvested from the retro orbital vein sinus of WT, Tnfa”, Tnfrsfla™ ,Tnfrsf1b ", and

Tnfrsfla ™ Tnfrsf1b ” animals (n=4-20).
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Next, we investigated the role of TNFa in the regulation of hepatic ammonia. No
difference in the localization of hepatic GS in TNFa-deficient animals (Figure 3.13 A)
was observed. Moreover, enzymatic activity of hepatic GS in Tnfa” mice was
significantly higher than in WT (Figure 3.13 B). Expression of ornithine
aminotransferase, Rhesus family B glycoprotein, and excitatory amino acid
transporter 2 (EAAT2/GLT-1) was similar between WT and Tnfa” livers (Figure 3.13

C).

Expression of the rate-limiting enzyme for the urea cycle Cps-1 was significantly
lower in the livers of Tnfa” mice compared with WT. However, expression of the

genes coding other urea cycle enzymes was not altered. (Figure 3.13 D).

These data indicate that TNFa deficiency induces systemic hyperammonemia but
does not alter liver zonation. Also, these data show that in the absence of TNFaq,
reduced expression of the Cps-7 gene may contribute to the onset of

hyperammonemia.
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Figure 3.13 Intact liver structure but reduced hepatic expression of CPS-1 in
TNFa deficient animals. (A) Sections from snap frozen liver tissue harvested

from WT and Tnfa” mice were stained with anti-GS antibodies (One
representative of n=6 is shown, Scale bar = 25um). (B) GS activity was measured
in liver tissue (left panel, n=6), and whole brain tissue (right panel, n=3) from

WT and Tnfa” mice. (C) Sections from snap frozen liver tissue from WT and Tnfa”
mice were stained with anti-GLT1 (left panels, scale bar = 25um), anti-RhBG

(middle panels, scale bar = 100um), and OAT1 (right panels, scale bar = 100um).

One representative out of n=6 is shown. (D) RNA expression levels of Cps-1(n=9),

Oftc (n=6), Ass (n=6), Asl (n=6), and Arg (n=6) were determined in liver

tissue from WT and Tnfa” mice.
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TNFa deficiency does not affect tyrosine nitration and RNA oxidation of brain

tissues.

Ammonia can cause tyrosine nitration and oxidation of RNA, which can be assessed
using anti-nitrotyrosine antibodies and 8-OH-guanosine, respectively. 218 Ammonia
can reach brain tissue by passive diffusion or by passing through aquaporins 8 and 9.
Additionally, aquaporin 4 is known to be induced by ammonia and promote cerebral
edema.?**?*" We found no difference in the expression of aquaporin coding genes
Aqp4, Aqp8, and Agp9 in the cerebellum or cortex of WT and TNFa knockout animals

(Figure 3.14 A, B).
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Figure 3.14 TNFa is dispensable for aquaporin expression. (A) RNA expression
levels of Agp4 (left panel), Aqp8 (middle panel), and Agp9 (right panel) were
measured in the cerebellum of WT and TNFa deficient animals (n=6). (B) RNA
expression levels of Agp4 (left panel), Agp8 (middle panel), and Agp9 (right panel)

were measured in the cortex of WT and TNFa deficient animals (n=6-7).
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Ammonia levels in the cerebrospinal fluid of WT and Tnfa” knockout mice were not
altered (Figure 3.15 A). We also observed no difference in protein tyrosine nitration in
the cerebellum and cortex of WT and TNFa-deficient animals by western blot (Figure
3.15 B) or by histological analysis (Figure 3.15 C, D). Consequently, no difference in

the RNA oxidation was observed between WT and Tnfa” mice (Figure 3.15 E, F).
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Figure 3.15 Normal tyrosine nitration and RNA oxidation in brain tissues

from Tnfa” mice. (a) Ammonia levels were measured in cerebrospinal fluid samples
of WT and Tnfa mice (n=4-6). (b) Protein lysates harvested from the cerebellum
of WT and Tnfa " mice were blotted and stained using anti-nitrotyrosine and anti-
beta-actin antibodies, panel illustrates the densitometric analysis of
nitrotyrosine/beta-actin (n = 17). (c—d) Sections from snap frozen (¢) cerebellum or
(d) cortex of WT and TNFa deficient mice were stained with anti-nitrotyrosine
antibodies (red) and Hoechst (blue). One representative of n = 6 is shown, scale

bar =100 um. (e—f) Sections from snap frozen (e) cerebellum or (f) cortex of WT
and TNFa deficient mice were stained with anti-8-OH(d)G antibodies (red) and

Hoechst (blue). One representative of n =6 is shown, scale bar = 100 um.
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Tnfa™ mice are protected against acute ammonia intoxication.

Glutamine synthetase is important for maintaining ammonia homeostasis in vivo.
Mice lacking hepatic glutamine synthetase, as well as TNFa-deficient mice,
demonstrate hyperammonemia. Consequently, during the challenge with sub-lethal

" x Alb-Cre* mice demonstrated high susceptibility towards

doses of ammonia, Glu
ammonia intoxication compared with WT mice (Figure 3.16 A). After 15 minutes of
ammonia intoxication, significantly higher levels of ammonia were observed in the
peripheral blood of Glul" x Alb-Cre* mice, suggesting delayed ammonia clearance
(Figure 3.16 B). An opposite effect of ammonia was observed in TNFa-deficient
animals, when we challenged Tnfa” mice and WT with a lethal dose of ammonia,

Tnfa” mice appeared to be protected against acute ammonia intoxication (Figure

3.16 C).

We also investigated whether TNFa triggers ammonia toxicity in the brain,
specifically through one TNFR. When we challenged WT, TNFR1 and TNFR2
deficient mice with ammmonia, only TNFR1-deficient mice were protected from
intoxication, while WT and TNFR2-deficient mice died in a similar manner (Figure
3.16 D). Interestingly, no significant differences in ammonia concentration in the
blood were observed between WT and Tnfa” mice (Figure 3.16 E) or between WT,
TNFR1-, and TNFR2-deficient mice (Figure 3.16 F). Taken together, these data

indicate that TNFa enhances ammonia toxicity in vivo via TNFR1.
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Figure 3.16 Tnfa™ mice are protected against acute ammonia intoxication. (a) WT
and Glul"™ x Alb-Cre* mice were challenged with 12 mmol/kg ammonium acetate in
PBS following monitoring of survival (n=8-11). (b) WT and Glul"™ x Alb-Cre * mice
were challenged with 8 mmol/kg ammonium acetate in PBS, ammonia levels were
measured in blood samples harvested from the retro-orbital venous sinus (n = 5-6).
(c) Survival was monitored in WT and Tnfa™ mice after challenge with 14 mmol/kg
ammonium acetate in PBS (n=8-9). (d) WT, Tnfrsf1a -/-, and Tnfrsf1b —/- mice
were challenged with 14 mmol/kg ammonium acetate in PBS following monitoring of
their survival (n = 10-13). (€) WT and Tnfa” mice were challenged with 8 mmol/kg
ammonium acetate in PBS and ammonia levels were measured in blood samples
harvested from the retro-orbital venous sinus (n =9). (f) WT, Tnfrsf1a - and
Tnfrsf1b '~ mice were challenged with 8 mmol/kg ammonium acetate in PBS and
ammonia levels were measured in blood samples harvested from the retro-orbital

venous sinus (n=7-9).
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To further investigate the role of TNFa during ammonia toxicity, we injected TNFa or
PBS in WT mice and after three hours challenged these mice with ammonia. TNFa
alone without D-Gal did not induce liver damage and did not affect ammonia

concentration in the blood (Figure 3.17 A).

However, mice treated with TNFa spent a significantly longer time in coma after the
ammonia acetate administration compared with the PBS-treated group (Figure 3.17
B). When we challenged WT animals with TNFa and D-Gal followed by the ammonia
acetate challenge, we observed high susceptibility of these animals to ammonia

toxicity compared with PBS-treated animals (Figure 3.17 C).

The TNFa effect was transient and after 24 hours, mice treated with TNFa
demonstrated similar coma duration after the ammonia acetate challenge as the

PBS-treated group (Figure 3.18).
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Figure 3.17 TNFa increases susceptibility towards ammonia toxicity. (A) Ammonia
concentrations were measured from retro-orbital venous sinus after i.v. injection of
200ng TNFa (n=3). (B) C57BI/6 animals were challenged intravenously with either
200ng TNFa or vehicle. After 3 hours 12 mmol/kg ammonium acetate in PBS was
injected intraperitoneally followed by measurement of the coma time (n=5-6). (C)
C57BI/6 mice were injected with D- Gal and after 15 minutes with 200ng TNF. After 3

hours animals were challenged with 12 mmol/kg ammonium acetate in PBS along

with a control group (n=6).
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Figure 3.18 TNFa transiently promotes ammonia toxicity. C57BI/6 animals were
challenged intravenously with either 200ng TNFa or vehicle. After 24 hours 12
mmol/kg ammonium acetate in PBS was injected intraperitoneally following

measurement of the coma time (n=6).
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TNFa regulates expression of NKCC1 in brain tissue.

NKCC1 can transport ammonia®** and regulate ammonia toxicity in vivo by regulating

buffering of extracellular potassium by astrocytes.?*

We investigated whether TNFa can affect NKCC1 expression in brain tissue.
Findings revealed reduced expression of NKCC1 in the cerebellum of TNFa -
deficient animals compared with the cerebellum from WT animals, using western-blot
(Figure 3.19 A) and histological analysis (Figure 3.19 B). An opposite effect was
observed after intravenous administration of TNFa, i.e., we observed a significant
increase in NKCC1 expression in the cerebellum (Figure 3.19 C, D) and cerebral
cortex (Figure 3.19 E, F) in TNFa-treated animals compared with PBS-treated mice.
Taken together, these data indicate that TNFa regulates expression of NKCC1 in the

brain.
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Figure 3.19. TNFa regulates expression of NKCC1 in brain tissue. (A) Protein lysates
harvested from the cerebellum of WT and Tnfa” mice were blotted and stained using
anti-NKCC1 (upper panel) and anti-beta- actin (lower panel) antibodies (One
representative of n=12 is shown). Right panel illustrates the densitometrie of
NKCC1/beta-actin (n=12). (B) Sections from snap frozen cerebellum of WT and
TNFa deficient mice were stained with anti-NKCC1 antibodies (green) and Hoechst
(blue). One representative of n=6 is shown, scale bar=100um. (C-D) C57BI/6 mice
were treated with 200ng TNF. After 3h, protein lysates from (C) cerebellum or (D)
cortex were blotted and stained with anti- NKCC1 and anti-beta- actin antibodies (left
panels, one representative of n=8 is shown). Right panels illustrate the mean +
S.E.M. of the densitometric analysis of NKCC1/beta-actin (n=8). (E-F) After 3h,
sections from snap frozen (E) cerebellum or (F) cortex were stained with anti-NKCC1

(green) and Hoechst (blue, n=6).
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Pharmacological blockade of NKCC1 decreases severity of acute ammonia

intoxication and does not affect ammonia levels in the blood.

We investigated whether pharmacological blockade of NKCC1 could modulate the
toxic effects of ammonia in vivo. NKCC1 inhibitor (bumetanide) was used for the in
vivo blockade of NKCC1 and when we administrated 30 mg/kg of bumetanide in
DMSO, we observed no changes in ammonia levels in the peripheral blood of mice
after 15 minutes and 60 minutes after administration (Figure 3.20 A). However, when
bumetanide or DMSO was administrated together with 14 mmol/kg of ammonia
acetate, we observed reduced coma duration in the bumetanide-treated group
(Figure 3.20 B). These data demonstrate that pharmacological blockade of NKCC1

could decrease the toxic effects of acute ammonia intoxication.
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Figure 3.20 Inhibition of NKCC1 alleviates acute ammonia toxicity. (a) Ammonia
concentrations were measured from retro-orbital venous sinus after i.p. injection of
30 mg/kg bumetanide (n =5). (b) C57BI/6 animals were treated intraperitoneally with
either 30 mg/kg Bumetanide or vehicle. After 5 minutes 14 mmol/kg ammonium
acetate in PBS was injected intraperitoneally followed by measurement of the

duration of intoxication (time until recovery from coma) (n = 5-7).
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4. Discussion

As identified by autopsy studies, the prevalence of cirrhosis is 4.5-9.5% in the
general human population.®*® More specifically, liver cirrhosis is responsible for 2% of
deaths worldwide, which consisted of and 771,000 deaths in 2001 and 722,000
deaths in 2015.%3°% More than 60% of patients with cirrhosis have symptoms of
hepatic encephalopathy.175 It is therefore important to gain knowledge about
mechanisms involved in the pathogenesis of hepatic encephalopathy in order to

effectively treat and prevent the disease.

In the present studies, we dissect the role of hepatic glutamine synthetase and TNFa
in ammonia metabolism and the pathogenesis of hepatic encephalopathy. We found
that deletion of hepatic glutamine synthetase is sufficient to trigger hyperammonemia
and symptoms of hepatic encephalopathy. Also, excess ammonia causes oxidative
stress and oxidation of RNA in the brain tissue. We also found that deficiency in
hepatic glutamine synthetase cannot be compensated by the urea cycle or
extrahepatic glutamine synthetase. Additionally, our studies revealed that basal
expression of TNFa drives expression of the Cps-7 gene, which is necessary for urea
cycle function. Tnfa” mice demonstrate hyperammonemia, but at the same time are
protected against acute ammonia intoxication. TNFa is regulating expression of Na-
K-CI cotransporter (NKCC1), which can transport ammonia and mediate ammonia
toxicity. Therefore, TNFa can promote susceptibility of mice to ammonia toxicity.
Pharmacological inhibition of NKCC1 in vivo reduced coma duration after acute

ammonia intoxication.

Hepatic detoxification of ammonia relies on two pathways: the urea cycle and
glutamine synthetase."” The urea cycle is active in the periportal area of the liver

acinus and requires activity of hepatic glutaminase. Hepatic glutaminase is needed to
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produce glutamate and ammonia from glutamine and therefore increases local
concentrations of ammonia to feed the urea cycle with ammonia. Ammonia spillover
from the urea cycle is metabolized by hepatic GS, which combines ammonia and
glutamate to glutamine. Hepatic glutamine synthetase is expressed in a small
population of hepatocytes located in perivenous area of liver acinus and represent

only 6-7% of hepatocytes.'®

The importance of hepatic glutamine synthetase in the detoxification of ammonia and
pathogenesis of hepatic encephalopathy has been discussed for decades, however,
there has been no direct experimental in vivo evidence.**"**" According to our
observations, expression of hepatic glutamine synthetase appear to be vital in the
prevention of systemic hyperammonemia. The present research used Glul™ x Alb-
Cre" mice, which lack GS only in the liver. The expression of glutamine synthetase in
skeletal muscles and brain tissue was unaffected but insufficient to detoxify the
excess of ammonia and prevent hyperammonemia. These data are supported by a
study of muscle-specific GS knockout mice, which revealed no elevation of ammonia
concentration in the arterial blood in naive conditions.'® Taken together, these
phenotypes highlight the importance of hepatic glutamine synthetase in ammonia

metabolism.

Patients with liver cirrhosis demonstrate reduced activity of the urea cycle and
consequently, reduced excretion of nitrogen with urea.**® Reduced activity of the
urea cycle during chronic liver injury leads to compensatory up-regulation of
glutaminase activity by 4-6 folds.**° Increased glutaminase activity may contribute to

further elevation of blood ammonia levels.

Hepatic glutamine synthetase represents the second mechanism of hepatic ammonia

detoxification. Patients with hepatocellular carcinoma demonstrate significantly
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reduced activity of hepatic GS.**° Such reduced GS activity has also been observed
in vivo in experimental model of rat cirrhosis.**' During LPS induced liver injury, GS
can undergo nitration in the catalytic center and such nitration leads to the inhibition
of GS activity and can contribute to the onset of hyperammonemia and hepatic

encephalopathy.?’

Hepatic GS is expressed only in periveneous hepatocytes. Heterogenic distribution of
hepatocytes function and liver zonation rely on WNT/B-catenin signaling.>* Notably,
our findings revealed that selective deletion of GS in Glul"" x Alb-Cre* mice did not

affect liver zonation, but was sufficient to trigger hyperammonemia.

Elevated concentrations of ammonia are not toxic to hepatocytes and in our study,
we detected no significant elevation of transaminase activity in the serum from GS-
deficient mice. However, the central nervous system is more sensitive to ammonia

intoxication.>*?

Defects in the urea cycle lead to ammonia intoxication and the onset of neurological
disorders such as mental status changes, brain edema, seizures, coma, and
potentially death.3*?

Patients with mutations in the glutamine synthetase gene exhibit hyperammonemia,

brain atrophy, epileptic encephalopathy, seizures, and multiple organ failure.'®*

After ammonia reaches the brain, it is metabolized to glutamine by astrocytes, which
express glutamine synthetase.'® Accumulation of glutamine cause astrocyte swelling
and oxidative and nitrosative stress, which can be observed by protein nitration and
RNA oxidation. Astrocyte swelling and oxidative and nitrosative stress impair
astrocyte function and affect neurotransmission, synaptic plasticity, and oscillatory

networks in the brain, leading to brain edema and manifestations of hepatic
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encephalopathy symptoms.'”® Acute hyperammonemia leads to the activation of
NMDA-receptors, which can cause neuronal death by exitoxicity. Importantly, a
blockade of NMDA receptors has been shown to protect animals from ammonia

intoxication and death.3*®

It has also been shown that ammonia intoxication triggers oxidative stress and
oxidation of RNA in cultured astrocytes and in the brains of rats.?'® In our study, we
observed region-specific expression of oxidative stress markers in brains of Glu/™ x
Alb-Cre* mice. Increased RNA oxidation was observed in regions in which functions
are impaired during HE, i.e., memory formation in the hippocampus, processing of
sensory stimuli in the somatosensory cortex, and motor function in the cerebellum,
and particularly Purkinje cells. 3*6347:34® |nterestingly, we did not observe a significant

" x Alb-Cre” mice. Patients

difference in RNA oxidation in the piriform cortex of Glu
with HE demonstrate a variety of symptoms such as lethargy, fatigue, disorientation,
and flapping tremors."”® On a behavioral level, oxidative stress in cerebellum and
Purkinje cells have been associated with alterations in motor functions. We observed
increased motor activity of glutamine synthetase-deficient mice in comparison with

" x Alb-Cre” mice have been shown to have reduced

WT mice. Moreover, Glu
learning ability and exploratory activity and delayed habituation to a novel
environment, which are attributed to ammonia-induced alterations in synaptic
plasticity and gene expression in the brain.>*® Interestingly, patients with hepatic
encephalopathy demonstrate reduced locomotor activity and a similar phenotype was
observed in vivo in models of bile duct ligation, portacaval shunting, and portal vein

Iigation. 348,350,351,352,353

Such differences in observed phenotypes suggest involvement of other factors in
addition to hyperammonemia. These factors may include neuroinflammation,
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impaired hepatic metabolism of other than ammonia compounds, or adaptation
mechanism involved in the compensation of chronic hypermmonemea.

In accordance with previous observations, in the BDL model and portocaval

351,354

anastomosis, we observed no anxious behavior induced by hyperammonemia.

fl/fl

Hyperammonemia was observed in Glul"”" x Alb-Cre* mice at a young age, e.g., 8

lﬂ/ﬂ

weeks, and this remained until at least 12 month. Glul”" x Alb-Cre* mice have similar

chronic hyperammonemia to the sparse-fur mice with a point mutation in the ornithine

transcarbamoylase gene, which leads to reduction of OTC enzymatic activity.>

lfl/fl

Similar to Glul™ x Alb-Cre” mice, sparse-fur mice have demonstrated impaired

cognition abilities and reduced lifespan.®**%

The reduced ability to detoxify ammonia by Glul"" x Alb-Cre* mice ultimately led to

death during acute ammonia intoxication.

During acute liver failure, activation of microglia can be observed in vivo and in
patients samples.>*®%?* Activated microglia produce pro-inflammatory cytokines, e.g.,
TNFa, IL-6, and IL-1B. These cytokines promote the onset of hepatic
encephalopathy. Notably, TNFa can directly induce astrocyte swelling and thereby
contribute to the onset of hepatic encephalopathy.?'? Zemtsova et al. have reported
up-regulation of the activation marker Iba1 in vitro in microglia cultured in the
presence of ammonia. Microglia and astrocytes in vitro in the presence of ammonia
up-regulate mRNA of pro-inflammatory cytokines. Interestingly, rats injected with
ammonia acetate have showed activation of microglia and elevated expression of
TNF, IL-18, and IFNy mRNA. However, in post-mortem samples of humans with
cirrhosis with or without HE, only upregulation of Iba1 was reported during HE, but no

significant difference was observed in the expression of pro-inflammatory cytokines
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genes.227 Post-mortem analysis of human brain samples with cirrhosis with or without
HE have revealed significantly different expression of 1012 genes, which included
genes related to oxidative stress, microglia activation, receptor signaling,
inflammatory pathways, cell proliferation, and apoptosis.??®> HE during cirrhosis has
been associated with increased expression of microglia activation markers gene, but
no up-regulation of mMRNA of pro-inflammatory cytokines has been observed.
Moreover, HE is associated with increased expression of genes counteracting pro-
inflammatory signaling and pro-inflammatory cytokine expression.??®

We did not observe activation of microglia or production of pro-inflammatory

" x Alb-Cre* mice. These data indicate that ammonia

cytokines in the brains of Glu
alone is not sufficient to trigger activation of microglia and induce neuroinflammation
in a mouse model of chronic hyperammonemia. Such results could be explained by
differences between species, possible compensatory mechanisms triggered by
chronic exposure of animals to high levels of ammonia, and complexity of cirrhosis
and liver-brain interplay. Interestingly, microglia co-cultured with astrocytes have
demonstrate attenuated activation, specifically, reduced expression of CD14, Iba1,

and pro-inflammatory cytokines after LPS and ammonia treatment.*°

Ammonia is considered to be the main pathogenesis factor of hepatic
encephalopathy; however, severity of HE does not always correlate with observed
concentrations of ammonia in patients’ blood. During HE stage | or Il, no elevation of
ammonia concentration in systemic circulation has been reported in patients with
cirrhosis.’ This observation suggests an involvement of other factors in HE

pathogenesis.

Systemic inflammation is reported to play an important role in hepatic

encephalopathy during acute liver failure and chronic liver failure.
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Patients with acute liver failure with a secondary infection and higher systemic
inflammation score progress to the higher grade of HE and typically have a worse
prognosis.>®® Notably, pigs with acute liver failure caused by amatoxin with higher
score of systemic inflammation demonstrate higher mortality during HE in acute liver

falure.®"

In patients with cirrhosis and minimal hepatic encephalopathy, ammonia
concentration and liver parameters do not correlate with HE severity, but severity of

HE does correlate with inflammation markers.3%?

The direct impact of systemic inflammation on brain function during
hyperammonemia is indicated by prolonged sick behavior of sparse-fur mice after
administration of LPS in vivo.>*® Importantly, TNFa alone can trigger oxidative stress

in vital mouse brain slices and cause RNA oxidation, which is characteristic for HE .28

One of the central pro-inflammatory cytokines is TNFa. LPS-induced liver damage is
mediated by TNFa and associated with nitration and reduced activity of hepatic
glutamine synthetase.?’ Concentration of TNFa in the blood is also correlated with

HE severity."

These data suggest involvement of TNFa in the regulation of liver metabolic functions
and HE. We observed increased blood concentration of ammonia in TNFa-deficient
mice in peripheral and central blood; these data indicate the importance of basal
expression of TNFa for effective ammonia detoxification by the liver. Basal ammonia

metabolism requires TNFa signaling through both TNFa receptors.

In the present research, liver zonation was not affected by TNFa deficiency,
expression of hepatic GS, OAT1, RhBg and GLT1 appears to be not altered between

WT- and TNFa-deficient mice. We also observed enhanced activity of hepatic
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glutamine synthetase in Tnfa” mice, but activity of GS in the brain was not affected.
We can assume that activity of hepatic GS was upregulated as a compensatory

mechanism counteracting chronic hyperammonemia.

We also found that basal expression of TNFa promoted expression of Cps-1 and
therefore, may promote activity of the urea cycle. However, TNFa can promote liver

injury and consequently, cause hyperammonemia and HE.3¢*%

TNFR1-deficient mice and IL-1B-receptor-deficient mice are less susceptible to
azoxymethane-induced coma and have shown reduced brain edema compared with
WT mice."*® A blockade of TNFa signaling during acute liver failure by etanercept

alleviates liver injury, hyperammonemia, and the toxic effects of ammonia.>*®

Despite elevated ammonia concentration in the blood of TNFa-deficient mice, we did
not observe increased expression of oxidative stress markers in their brains. Both
RNA oxidation and protein tyrosine nitration appeared to be unaltered in TNFa-
deficient mice. Observed blood ammonia concentrations in TNFa-deficient mice was

I"" x Alb-Cre* mice and could be not sufficiently high to trigger

lower than in Glu
oxidative stress in the brain, or, unknown compensatory mechanisms may have
prevented oxidative stress. Elevated ammonia and basal TNFa could act
synergistically and trigger astrocyte swelling and oxidative stress. The importance of
basal expression of TNFa for CNS function is indicated by behavioral alterations
demonstrated by TNFa-deficient mice. Thfa” mice have shown depression-like
behavior associated with reduced exploratory behavior than WT mice.**® Moreover,
TNFa-deficient mice demonstrate impaired cognition compared with WT-, TNFR1-, or

TNFR2-deficient mice. In addition, Tnfa” mice have demonstrated poorer spatial

learning and learning effectiveness than WT mice.>®®
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In our studies, we found that TNFa-deficient mice were protected from acute

ammonia intoxication in a TNFR1-dependent manner.

Importantly, administration of TNFa alone did not cause elevation of ammonia
concentration in the blood stream, however, TNFa alone did prolong coma duration
after ammonia intoxication. Administration of D-galactosamine and TNFa sensitizes
the liver to TNFa-induced apoptosis and induces liver damage. Mice treated with D-
galactosamine and TNFa are more susceptible to acute ammonia intoxication and

these phenotypes could be result of the effects of TNFa on both the liver and CNS.

Previously, it was thought that ammonia freely diffuses across blood brain barrier.%’
However, recent evidence suggests the participation of ammonia transporters in
ammonia transport across the BBB. Ammonia transport across the BBB is
significantly delayed at reduced temperatures, suggesting participation of protein
transporters.®*® Notably, TNFa is known to significantly increase diffusion of ammonia

across endothelial cells from the central nervous system.>®*

We found that TNFa drives expression of the ammonia permeable ion channel
NKCCH1, which is crucial for the ammonia toxic effect in vivo. NKCC1 is also involved
in brain edema formation after ischemia and traumatic brain injury. 24?2 Jaykumar et
al. have demonstrated that NKCC1 mediates ammonia-induced swelling of
astrocytes. 2** Moreover, NKCC1 activity is up-regulated in vitro after ammonia

treatment. Ammonia cause enhanced synthesis of NKCC1 protein.?*?

Interestingly, ammonia trigger oxidative and nitrosative stress and cause nitration and
phosphorylation of NKCC1. Nitration and phosphorylation of NKCC1 increase its

activity and therefore, may further promote astrocyte swelling and oxidative stress.
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Antioxidants N-nitro-L-arginine methyl ester and uric acid reduce nitration and activity

of NKCC1. 24

NKCC1 expression, phosphorylation, and activity have also been shown to be

elevated in the brains of thioacetamide-treated rats compared with control rats. *"°

Notably, we found that pharmacological inhibition of NKCC1 activity by bumetanide

decreased coma duration after ammonia intoxication.

During acute ammonia intoxication, ammonia compromise potassium buffering by
astrocytes, increasing extracellular potassium concentration and over-activating the
NKCC1 in neurons. ?** Excess ammonia and potassium depolarize the neuronal
GABA potential. Specific blockade of NKCC1 with bumetanide reduces the amount of
ammonia-induced seizures and ultimately reduced death in animals from ammonia

intoxication.?**

TNFa and IL-1B contribute to the onset of cerebral edema by the up-regulation of

NKCC1 expression in astrocytes during brain injury.>”"

TNFa can be produced by activated microglia within the CNS.*"? Also, TNFa from the
blood stream can be actively transported across the blood brain barrier. This

transport requires activity of both TNFR1 and TNFR2.%"3

TNFa, in addition to up-regulation of NKCC1 expression in the brain, could promote
expression of aquaporins. Moreover, aquaporin 4 expression is induced in vitro in
astrocytes directly by ammonia acetate and in vivo during endotoxin-induced liver
damage.?*"?*® Expression of aquaporin 4 correlates with the severity of brain edema
in ischemia and traumatic brain injury.?®"?°22%3 Aquaporin 3, 8, and 9 can transport

ammonia.?**3"* We did not observe significant difference of aquaporins mRNA
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expression in the brain between WT and Tnfa” mice. However, we cannot exclude

potential regulation of aquaporins expression on the protein level.

TNFa can activate glutaminase in microglia and thereby promote glutamate
release.>”>3"%372 An excess of extracellular TNFa promotes accumulation of
glutamate and can induce excitotoxicity, inhibit synaptic activity, or kill neurons.®”
Excess of cerebral TNFa is associated with neuronal death in several diseases
including post-stroke syndrome, Alzheimer’s disease, traumatic brain injury, and

Parkinson’s disease.®’’

TNFa can also potentiate glutamate-induced excitotoxicity and neuron death by
direct activation of NMDA receptor via TNFRII.*"® Ammonia toxicity in vivo is
mediated through NMDA receptor and can be prevented by selective NMDA receptor

antagonist MK-801. 37° 3%

Observed chronic hyperammonemia in TNFa-deficient mice can trigger adaptation,
for example, rats with chronic hyperammonemia are protected against acute
ammonia intoxication due to enhanced ammonia clearance and reduced activity of

the NMDA-NO-cGMP pathway.®"-382

Our findings are further supported by the work of Bemeur et al. in which TNFR1- and
IL-1R1-deficient mice were shown to have an advantage over WT during acute liver
failure caused by azoxymetane."® A blockade of TNFa signaling by etanercept
decreased liver damage, serum activity of ALT and AST, and circulating ammonia
levels. Notably, effects of etanercept treatment make it difficult to conclude if the
observed delay in coma and reduced oxidative stress in brains were due to improved
liver function or the blockade of the direct effects of TNFa on the CNS.** Anti- TNFa

antibody Infliximab has been shown to reduce peripheral inflammation and
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neuroinflammation and improve learning ability and motor coordination in rats with
portocaval shunts. ** Since antibodies cannot pass through blood brain barrier,
positive effects on cognition and reduced activation of microglia can be attributed to
reduced peripheral inflammation.®** Our findings suggest that blocking of NKCC1 or
TNFR1 could be beneficial for patients with hepatic encephalopathy. However,
currently used TNFa blockers (etanercept or infliximab) bind directly to TNFa
molecules and therefore block signaling through both receptors TNFR1 and TNFR2.
According to our findings, a blockade of TNFa could lead to the hyperammonemia
and down-regulation of NKCC1 expression. However, selective blockade of TNFR1
could desynthesize the brain to toxic effects of ammonia by the down-regulation of
NKCC1 expression and would therefore not promote alterations in hepatic ammonia

metabolism.
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